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This dissertation investigates the role that is played by high temperatures of air gaps on the 
breakdown voltage levels under DC positive and negative polarity applied voltages. Due to 
past experience of AC transmission lines tripping as a result of sugar-cane fires that occur 
under these lines during cultivation seasons, this study was initiated to investigate this effect 
under DC applied voltages. 
 
Results were obtained from laboratory work conducted and these were closely analysed to 
understand the behaviour of air gaps under these conditions. A 17mm2 square-cut brass rod-
rod electrode configuration was used to carry out these tests at the various air gap 
temperatures. These were induced by a gas burner for both the positive and negative 
polarities at 200C – 3000C for the 10 mm – 150 mm air gap range and 200C – 1500C for the 
200 mm – 500 mm air gap range.  Later particles were introduced into the air gap to 
determine the subsequent behaviour. These were introduced vertically from the top into an 
air gap via a vibrating micro sieve mechanism to regulate the consistency of the introduction 
of these particles in the air gap.  
 
A reduction of 55% and 50% was observed on the breakdown voltage under positive and 
negative polarity applied voltages respectively from ambient conditions to 3000C. 
Additionally the breakdown behaviour of both negative and positive DC was found to be 
linear which is similar to the AC case. However, air gaps subjected to positive DC applied 
voltages were found to portray an inferior dielectric strength as opposed to the equivalent 
negative DC polarity.   
 
The study found that the effect of particles in the air gap is practically negligible and that for 
practical purposes, only the temperature effect plays a role due to the reduced air density at 
high temperatures. 
 
Empirical models for both the positive and negative DC polarities have been proposed by the 
study that incorporate the effect of the temperature in the air gap to enable the determination 
or prediction of the breakdown voltage level at various temperatures. These models may be 
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It is well known that the presence of fire under transmission lines reduces the 
dielectric strength of the air in the vicinity of the conductors [1]. This leads to breakdown 
occurring at a value lower than it normally would under standard temperature conditions [2]. 
Over the years Eskom has experienced flashover problems caused by bush and sugar cane 
fires under 275 and 400 kV transmission lines [3]. In the northern coastal region of 
KwaZulu-Natal where sugar cane farming is a major agricultural activity, farmers burn the 
sugar cane crops as a harvesting aid thus causing line outages [4]. Similar problems have 
also been reported in other countries such as Brazil, Canada and Mexico, where agricultural 
fires were resulting in transmission line outages [5]. As a result various authors such as 
Cowan et al. [6], Sadurski and Reynders [3], Sukhnandan and Hoch [7] in South Africa, 
Lanoie and Mercure [8] in Canada, Fonseca, et al. [5] in Brazil and Robledo-Martinez et al. 
in Mexico [9] have carried out studies to understand the effect of fire on the reduction of the 
insulation strength of air thus its effect on the line performance. However, these have been 
conducted under AC applied voltages, except in the case of [8] where studies were also 
conducted on a ±450 kV experimental bipolar dc line. 
 
1.1.1. Sugar cane fire study 
 
Cowan [6] in 1991 collaborated a research study with Eskom (South African power utility) 
to establish the mechanism of insulation breakdown, the fault impedance and the extent of 
electromagnetic induced noise prior to flashover. The study had emanated from problems 
experienced on high voltage lines in the coastal region of KwaZulu-Natal during sugar cane 
harvesting in which sugar cane is burnt as a means of aiding in harvesting. Flashovers that 
would occur on these lines could potentially damage transmission line hardware and as a 
result of large fault currents, severe voltage depressions would occur [6]. 
 








Figure 1.1 A typical sugar cane flame completely engulfing conductors  
of an Eskom transmission line [10] 
 
A typical sugar cane fire burning under a transmission line is illustrated in Figure 1.1 [10], 
and it can be observed that the intensity and height of the fire flames can be such that they 
completely engulf the three phases of an AC transmission line. This would inadvertently lead 
to a severe deterioration in the dielectric strength of the air between the adjacent phases.    
 
In investigating the mechanism of insulation breakdown, the authors of [6] documented 
empirical observations which showed that the following factors influenced the probability of 
flashovers (for an AC line): 
 
1) the voltage gradient (i.e. transmission line phase spacing), 
2) fire intensity and duration (i.e. temperature) and 
3) ash particles and smoke density. 
 
Cowen et al. [6] further noted that ambient temperature, humidity and other environmental 
conditions had little apparent influence. 
 
Additional data from three previous years (1988 – 1990) was presented and it indicated the 
following significant findings: 
 
 400 kV lines (47 kV/m) experienced 1.5 flashovers/100km/annum while 
 132 kV lines (21 kV/m) only experienced 0.3 flashovers/100km/annum 




 400kV lines with 44 kV/m phase-to-phase and 47kV/m phase-to-earth wire voltage 
gradient generally flash phase-to-earth while 
 275 kV lines with 37 kV/m and 33 kV/m voltage gradients respectively flash mainly 
phase-to-phase. 
 
Laboratory studies conducted by Cowan [6] showed that temperatures of 1100 0C reduced 
the dielectric strength of air from 2120 kV/m to 110 kV/m. These results are only valid for 
small and uniform air gaps and field observations indicated that the fire had to be intense and 
sustained for flashover to occur. For large and non-uniform gaps experienced in practice, the 
insulation breakdown was found to take place according to the streamer mechanism, rather 
than the classical Townsend mechanism, thereby reducing the dielectric strength from the 
110 kV/m stated above. Ash particles and smoke were observed to be assisting in the 
streamer breakdown, thus reducing air dielectric strength even further. The Townsend and 
Streamer mechanism of breakdown is discussed further in Section 2.1.1.1. and 2.1.1.2. 
respectively.  
 
The study drew a conclusion that the phase-to-phase and phase-to-earth wire voltage 
gradient statistically predict where the flashover will occur. Thus to ensure less severe 
voltage depressions, the phase-to-earthwire voltage gradient must be greater than the phase-
to-phase voltage gradient (i.e. forcing phase-to-earth faults). 
 
There currently exists no documented (or none could be located) full scale literature on a 
field study conducted on the effects of fire on the dielectric air gap breakdown characteristics 
of HVDC lines. Such a study would have been of great value to this research as it could have 
been comparatively analysed with outcomes obtained by Cowan et al. [6]. However, 
available literature on the subject under AC and DC is discussed further in later chapters of 




With limited studies on the topic carried out under DC applied voltages, as part of a strategic 
partnership this study was initiated jointly by Eskom, the South African utility company and 
the HVDC Centre of the University of KwaZulu-Natal. For a combination of technical and 
economical reasons, long-distance transmission using HVDC systems has over the past two 
decades become a viable alternative to HVAC for various utilities across the world. Thus as 




such, knowledge on the various technical aspects of HVDC transmission is sought; more 
especially in the African context, the effects of fires on the air dielectric degradation.  
 
The behaviour of air as a dielectric was studied under DC applied voltages in the presence of 
fire, with special reference to its voltage breakdown characteristics. The ultimate objectives 
of the study were thus to investigate the following critical aspects of the voltage breakdown 
characteristics of air gaps: 
 
1) the DC voltage breakdown mechanism compared with the AC breakdown 
mechanism;  
2) the effect of increased temperatures in the air gap;  
3) the comparative effect of the voltage polarity (negative or positive) and 
4) the effect of the presence of particles at high temperatures in the air gap.  
 
In addition, the outcomes of the investigations into these aspects were comparatively studied 
with the same phenomena as observed from literature on the subject under AC voltages. A 
rod-rod gap configuration was used to conduct the air gap voltage breakdown tests. All 
experiments were conducted in the HVDC laboratory, which is part of the HVDC Centre at 
UKZN in Durban.  
 
Ultimately, this study sought to investigate whether air as a dielectric under AC voltage 
stresses and subjected to elevated temperatures would portray similar behaviour under DC 
voltage stresses. Further practical field aspects such as the nature of the DC polarity voltage 
and the advent presence of particles in the vicinity of the air gap are qualified on the basis of 
their influence on the breakdown voltage characteristics.       
 
1.3. Research methodology 
 
This study was conducted as follows: 
 A literature survey of available data under AC and DC (both polarities). 
 A comparative analysis of the literature. 
 Experimental results that were obtained were presented citing information as 
discussed and presented in the literature survey. 
 A model was proposed based on the experimental results and various conclusions 
and recommendation were presented.   
 




1.4. Study outcomes 
 
Ultimately the empirical and theoretical findings of this study may be used in the design of 
insulation systems for HVDC lines, more especially where the line is to pass through an area 
that is known to be prone to fires. Furthermore with the recent increase in HVDC 
transmission systems, it further enforces the need for an in-depth understanding of air gap 
voltage breakdown characteristics under DC conditions [2]. Presently the Apollo HVDC 
scheme between South Africa and Mozambique is the only HVDC scheme that is in 
operation in South Africa, however with the Westcor HVDC project still under 
consideration, findings from this study will certainly be of particular interest and application. 
 
1.5. Dissertation outline 
 
With the background of this study having been elaborated on in this chapter; in Chapter 2 a 
literature review of the topic is presented with reference to both AC and DC voltages with an 
objective of introducing the basis for experiments conducted in this study and the data 
presented in subsequent chapters. Experimental procedures used and the layout of the 
experiments conducted are discussed in Chapter 3. In Chapter 4, findings of the study are 
presented and a thorough and an in-depth interpretation and analysis of the results obtained 











Insulation systems in high voltage transmission lines are designed for a certain level of 
electric field strength, taking into account critical intensity levels before onset corona activity 
occurs. Since air is used as the main insulation in high voltage transmission [11], a safe 
operating distance between adjacent conductors must exist. This minimises the possibility of 
interruptions due to insulation failures on that particular power transmission system. 
Discussions to follow in this section will exclude insulation breakdown conditions such as 
those observed due to either lightning or switching impulses. Only insulation breakdown that 
occurs as a result of continuous electric field stresses emanating from applied voltages will 
be discussed.   
 
2.1. Basic gaseous insulation breakdown 
 
Insulation is effective up to the breakdown threshold [12] and the manner in which 
breakdown occurs is a progressive process from partial to complete breakdown [13].  It is 
thus imperative that phenomena leading to complete breakdown of gaseous mediums be 
empathised for various insulation systems under various conditions.  
 
2.1.1 Ionization processes in a gas 
 
2.1.1.1 Townsend mechanism 
The Townsend theory has often been used by researchers to explain gaseous dielectric 
breakdown. However, this theory is limited in that it only holds for uniform fields under 
quasi-static conditions and needs to be complemented by the Streamer criterion in order to 
be of effective use and importance in engineering [14]. It assumes that during the avalanche 
process, the applied voltage remains constant, however in practice breakdown is 
accompanied by a collapse of voltage [15]. Nevertheless, it forms a fundamental basis for an 
understanding of breakdown processes that occur in air, thus forming a foundation for 
breakdown of solid, liquid and glass dielectrics. 
    




This theory of electrical breakdown in gases is well documented [16] – [25] and as such will 
not be explicitly reviewed as part of this Chapter. However, throughout the report various 
citations relating to this fundamental principle will be made. 
 
2.1.1.2. Streamer mechanism 
At higher pressures, larger electrode gap spacing and higher potential gradients the formation 
of a discharge will deviate from that as explained by the Townsend mechanism and follow 
the Streamer (‘Kanal’) mechanism of voltage breakdown. For a better understanding of this 
theory it will have to be elaborated on first under uniform electric field conditions and then 
further extending its applicability to non-uniform electric fields.  
 
(i) Plane uniform gap 
The theory assumes that the breakdown process starts off by a single electron avalanche 
which then becomes unstable creating fast moving streamers directed towards the anode and 
cathode from its head [15]. A process known as photo-ionisation is pivotal in the conversion 
of these electron avalanches into streamers. Raether [25] in his studies of the effect of space 
charge of an avalanche on its growth observed that when the charge concentration was 
higher than 106, but lower than 108, the growth of an avalanche was weakened. He further 
illustrated that when the ion concentration exceeded 108, the avalanche current was followed 
by a steep rise in current and breakdown of the gap followed thereafter.  
 
(ii) Non-uniform gap 
In non-uniform fields, e.g. in point-plane, point-point, sphere-plane gaps or coaxial 
cylinders, the field strength and hence the effective ionisation coefficient α vary across the 
gap [22]. For a streamer to be initiated at the high-voltage electrode and for it to bridge the 
gap two conditions have to be satisfied; one for the streamer inception and the other for the 
streamer propagation. 
 
The streamer mechanism is also a widely documented principle with various authors [15], 
[22], [25] – [35] having elaborated on the fundamentals of streamer formation and space 
charge influence in both uniform and non-uniform gaps. 
 
2.1.1.3. The Streamer mechanism applied to high temperatures 
The limitations of the Townsend theory to uniform fields have been alluded to in Section 
2.1.1.1 and the need to rely on the Streamer mechanism of breakdown to better explain the 
air breakdown mechanism has also been discussed in Section 2.1.1.2. Prevailing climatic 
parameters influence the electrical discharges in air, resulting in a dependence of the 




breakdown voltage on these parameters. Discussions in this particular section will however, 
only seek to elaborate on the influence of temperature on the Streamer breakdown in air, 
pressure and humidity will not be considered due to their practical insignificance. Thermal 
ionization has been excluded from discussions as it is attained when a gas is heated to 
temperatures of the order of 10,000K [36], [37] which is outside of the application for 
purposes of this study. To incorporate the influence of temperature on the breakdown 
mechanism, it is more convenient to introduce the ‘relative gas density’, δ (D) – a 
dimensionless quantity. This quantity   takes care of the effect of temperature on the mean 
free path of electrons in the gas at constant pressure [37] and is defined as: 
      
  
 
   
   
     
      
 
     
                                    ...(2.1) 
 
Where, 
p  =  the gas pressure in Torr and 
t   =  Temperature in 0C 
 
The temperature influences the electrical discharges in air via the motion of the particles 
[38]. As the temperature in the air gap is increased, the mean free path of the particles also 
increases linearly with the corresponding increase in temperature. The electron and ion 
concentrations in the air gap rise with the result that the distortion of the electric field by the 
field of the space charge of positive ions increases [37]. 
 
McDaniel [39] in his book defines the “mean free path” as the distance that a molecule 
travels between successive collisions. He further explains that each collision marks an end of 
two free paths (one for each of the two collision partners), and the total number of free paths 
executed per cm3/sec is √2πN2D2v’. 
 
Where, 
N   = gas number density (molecules/cm3) 
D   = molecular diameter (assuming that molecules are elastic spheres)    
v’  = mean velocity of molecule 
The total length of all these free paths is Nv’ and the average length of a free path is given by 




√     
                                                 ...(2.2) 




which is designated as Maxwell’s mean free path. He [39] defines the average collision 
frequency for a single molecule of a gas with a Maxwellian distribution (Figure 2.8) as: 
 
  √                                            ...(2.3) 
 
Thus according to the elastic sphere model, the collision frequency varies directly with the 
density of the gas (Equation 2.1) and the square root of the absolute temperature, variation 
with temperature arising from the proportionality of v to v’. The mean free path on the other 
hand, varies only with the density and is inversely proportional to it.    
 
The Maxwell’s distribution function of Figure 2.1 is expressed in the form [39]: 
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v0 1.0 vp 2.0 vp
 
Figure 2.1. Maxwell distribution function for the speeds of  
molecules of a gas in thermodynamic equilibrium [39] 
 
Where, 
f(v)dv   = the number of molecules with speeds between v and (v + dv) cm/sec, 
m         = the mass of one of the molecules in grams, 
T         = the absolute temperature in 0K, and 
k         = 1.3806 x 10-16 erg/0K (Boltzmann’s constant) 
vp        = the most probable velocity of the distribution 
Nt        = the total number of molecules in the gas, defined by the following equation 
 
∫  ( )
 
 
                                              ...(2.5) 




Elaborating further, it further follows that Equation 2.6 [22], [35] defines Ncr, the critical 
electron concentration in an avalanche that gives rise to the initiation of a streamer.    
 
   {∫    
    
 
}                                        …(2.6) 
 
Where, 
Ncr  = the critical electron concentration in an avalanche giving rise to initiation of a streamer  
 
This is directly proportional to α, the Townsend coefficient of ionization by electrons 
corresponding to an applied field E. In a non-uniform electric field distribution in the air gap, 
α is stated as not being a constant [25], [34], but rather as a function of the parameter x as 
defined in Equation 2.7 [34].  
 
         








                              ...(2.7) 
Where, 
x    =    the distance (in cm) which the avalanche has progressed 
p    =    the gas pressure in torr and 
α    =    Townsend coefficient of ionization by electrons corresponding to the applied field E 
 
At the first instance the formation of charge carriers from neutral gas molecules is as a result 
of the impact or collision of particles amongst each other, accelerated under the electric field. 
The introduction of elevated temperatures promotes more frequent collisions, thus 
subsequently more electrons and positive ions are formed. In Figure 2.2 the effect of an 
increased temperature in the air gap is schematically illustrated. The values that have been 
used in this figure are only illustrative and are not to be taken as measured values.  
 
Assuming that charge carriers were already present before applying the electric field, at STP 
conditions, an electron avalanche travels a distance x1 and as a result creates nx1 number of 
new electrons and ny1 number of positive ions after a time t1 in traverse. During the same 
time, at an elevated temperature (e.g. 500C) the same electron avalanche would have 
travelled a distance x2, where x2 > x1 in which during its traverse it would have collided with 
more neutral atoms to release more electrons, positive ions and vibrational (excited) 
molecules. 
 
















Figure 2.2 Illustration of temperature effect on air gap breakdown voltage 
 
This will then lead to a canal/ streamer formation sooner than it would have under STP and 
leading to a premature breakdown of the air gap.       
 
This effect can further be explained with reference to energy. The total energy of an electron 
while still attached to the molecule can be divided into two types of energies [37]: First the 
kinetic energy WKE, which depends upon its mass and velocity, and second the potential 
energy Wpot, depending upon its charge in the Coulomb field of the nucleus of a molecule. 
These energies are given as, 
 
    
 
 
    
  
 
   
   
  
                                    ...(2.8) 
 
and                                     
 
   
   
  
                                   ...(2.9) 
Where, 
me   = the electron mass 
ve    = electron velocity 
ε     = the permittivity of the dielectric (air) and 
z     =  the atomic number representing z electrons with negative elementary charge e = -1.6 
x 10-19, as lying in the discrete circular orbits re of the atom. 
 
Once the electron attains enough energy to be ejected from the atom shell, the potential 
energy of the electron tends to be zero. Then the only energy it has is the kinetic energy 




acquired externally (high temperature). Elevated gas temperatures results in many of the gas 
atoms or molecules acquiring high velocities, thus the ionisation by electron impact (α-
process) and ionisation by positive ion impact (β – process) as illustrated in Figure 2.3 and 
2.4 [37] is more frequent leading to a rapid formation of streamers and subsequently the 
complete breakdown of the air gap. From Equation 2.2 – 2.5, the significance of the velocity 





Figure 2.3 Ionization by electron impact [37] 
 
Corresponding equation:                          
 
 
    
                                       ...(2.10)                                                                  





Figure 2.4 Ionization by positive ion impact [37] 
 
Corresponding equation:                       
 
 
    
                                        ...(2.11) 
 
In 1993, Allen et al. [40] investigated the temperature and density effects on streamer 
propagation in air over the temperature range −140C   T  1480C using direct voltages up to 
125 kV. Experiments were conducted using a plane parallel electrode system, enclosed in an 
oven permitting a maximum electrode separation of 20 cm under a uniform field. The oven 
was thermally insulated and designed for a maximum temperature of 2000C (573 K), while 
ambient atmospheric pressure and humidity were maintained.  
 







Figure 2.5 Probability of streamer propagation  
as a function of electric field [40, pp. 6] 
 
Figure 2.5 [40] illustrates the probability curve of streamer propagation as a function of the 
electric field intensity. From this it is apparent that streamer propagation commences at a 





Figure 2.6 Streamer propagation field (50%)  
as a function of air temperature [40, pp. 8] 




The authors reported that at standard atmospheric conditions, the minimum electric field 
required for propagation of a streamer is 422 kV/m. This was reported to be reduced by the 
increase of temperature; however this was attributed to the resulting reduction in density 
rather than to the specific temperature effects on ionic and neutral species. Additionally, the 
density dependence (scaled as relative air density to the power 1.5) was found to be constant 
over the temperature range −140C  T  1480C. This is illustrated in Figure 2.6 [40]. 
 
2.2. Voltage breakdown characteristics of air gaps  
 
In the overall problem of total insulation requirements, the factor of adequate clearance 
between the energized components of a DC transmission line and ground is of major 
importance [41]. Furthermore, as air is used as the main insulation between these energized 
components, its dielectric properties need to be well understood as well and all the 
parameters that the properties are dependent on. Of these, external influencing parameters 
play a pivotal role in defining the dielectric properties of air gaps [2]. External influencing 
parameters can be grouped into three categories: the geometrical, the electrical and the 
climatic parameters [42]. However, in this section, in line with the study the literature that 
will be reviewed shall be limited to external influencing parameters (temperature and 
density, excluding humidity) for various electrode gap configurations. Further, the effect of 
the applied voltage polarity and floating particles in the air gap will also be discussed.     
 
2.2.1. Breakdown at room temperature 
 
Various studies around the world have been conducted with the main aim of understanding 
the voltage breakdown characteristics of air gaps under various voltage applications, i.e. 
continuous AC and DC voltages, switching impulses (SI), and lightning impulses (LI). These 
have been conducted using various gap configurations, e.g. rod-rod (point-point), rod-plane 
(point-plane) etc., electrode shapes (i.e. cylindrical flat cut, hemispherically ended etc.) and 
gap sizes.   
 
2.2.1.1 AC breakdown characteristics 
EPRI [43] in 1998 published a report on the spark over performance and gap factors for gaps 
below 1m. In this publication, results observed both under AC (Appendix C) and DC 
(Positive polarity - Appendix A & Negative Polarity – Appendix B) were reported on. In 
[43]; for ease of reference and comparison of experimental results obtained in this study and 
the published literature, the spark over performance of the horizontal rod-rod electrode gap 




configuration under both alternating and direct current applied voltages are of particular 
interest.     
 
In Figure 2.7, AC voltage breakdown characteristics (r.m.s.) of a horizontal rod-rod air gap 
configuration are illustrated for the 0.02 m – 1.6 m range as observed by different authors. 
The rods that were used in all instances were flat cut squares with a varying edge width of 
between 12.5 mm and 25 mm and were made of brass. Results obtained by Fonseca et al. [5] 
and Robledo-Martinez et al. [9] were extrapolated for larger air gaps as these were obtained 
only for the 0 – 200mm air gap range. In the overall range it is evident that a linear 
behaviour exists (or can be estimated) between the breakdown voltage and the air gap length. 
Such an observation is imperative to note as scrutiny of obtained experimental results is still 
to be discussed in later chapters. It is of interest to note that results obtained by Razevig [23] 
and those obtained by EPRI [43] are in direct agreement with each other.  
 
The observed mean withstand voltage gradient from both these authors is approximately 3.5 




Figure 2.7 AC breakdown characteristics of rod-rod air gaps 
{Based on [5], [9], [24] and [43]} 
 
Fonseca et al. [5] obtained a higher gradient than [23] and [43] with an observed mean 
withstand voltage gradient of 4.5 kV/cm. Further Robledo-Martinez et al. [9] obtained a 
y = 0.3519x + 16.492 
y = 0.45x + 7.4048 
y = 0.233x + 7.1024 



































mean withstand voltage gradient of 2.3 kV/cm, the least of the authors that have been 
discussed in this section.     
 
2.2.1.2 DC breakdown characteristics 
Figures 2.8 and 2.9 illustrate work on breakdown characteristics of rod-rod air gaps up to 2m 
under positive and negative DC applied voltages respectively. The median of the mean 
withstand voltage breakdown gradients observed under positive DC applied voltage can be 
approximated at 4.3 kV/cm, which is 23% higher than the 3.5 kV/cm observed under AC 
applied voltage discussed in Section 2.2.1.1 above. This ultimately indicates that given an air 
gap of a specific length, it will portray inferior dielectric strength properties under an AC 
applied voltage as opposed to a DC applied voltage.  
 
In Figure 2.8, air gap voltage breakdown characteristics under positive DC voltages as 
reported by EPRI [43], Abraham et al. [44] and Gobbo et al. [45] obtained in the smaller 0 – 
500 mm air gap range had to be extrapolated to allow for a comparative analysis of the 
literature from different authors. Similar to results observed under AC applied voltage, a 
linear relationship exists between the breakdown voltage and air gap length for positive DC 
applied voltage. Allen et al. [46] reported that this linearity resulted from the fact that 
breakdown is determined by the movement of positive streamers initiating from the anode 
and approaching the negative electrode. Thus as a result, negative streamers which are 




Figure 2.8 Positive DC breakdown characteristics of rod-rod air gaps 
{Based on [43], [44]-[47]} 
 
y = 0.528x + 13.51 
(Allen) 
y = 0.343x + 29.63 
(Abraham) 
y = 0.53x 
(Lowke) 
y = 0.429x + 90.65 











































The authors of [46] in this study conducted a review of the breakdown characteristics of rod-
plane and rod-rod air gaps stressed under direct current voltages, ultimately to determine the 
range of DC voltage measurements for which these may be applicable.  
 
Figure 2.9 illustrates air gap voltage breakdown characteristics under negative DC voltages 
investigated by different authors. The linear relationship between the breakdown voltage and 
the air gap length is also clearly observed under negative DC voltages, as was observed 
under AC and positive DC voltage applications. The maximum mean withstand voltage 
gradient, 5.7 kV/cm was obtained by Lowke [47] and Gobbo et al. [45]. In this study the 
authors were investigating the validity of the data provided by the IEC [48] standard and 
sensitivity to the shape of electrode termination for rod-rod gap configurations. The least 
mean withstand voltage gradient as illustrated in Figure 2.16 is 3.4 kV/cm obtained by 
Abraham et al. [44] in which flashover characteristics of several type gaps including the rod-
rod gap were investigated. The rods used in this study were 12.5 mm x 12.5 mm square cut 
brass rods.     
 
The median of the mean withstand voltage gradients observed in Figure 2.9 is approximated 
at 4.7 kV/cm. This is approximately 10% and 34% higher than the mean gradient observed 
under positive DC and AC voltages respectively. Further, this indicates that the performance 
of air as a dielectric (under ambient temperature conditions) is superior when subjected to 




Figure 2.9 Negative DC breakdown characteristics of rod-rod air gaps 
{Based on [43], [45]-[47]} 
 
y = 0.57x - 25 
(Lowke) 
y = 0.371x + 25.05 
(EPRI) 
y = 0.565x + 72.05 
(Gobbo) 











































This observation is very important as it will be used as the basis for a comparative analysis 
of experimental data to be discussed in later chapters. Results obtained by the various 
authors whose literature was discussed in this section on air gap voltage breakdown 
characteristics under DC applied voltages may be attributed to the various corona modes that 
an air gap undergoes before complete breakdown. 
2.2.2. Effect of increased temperatures and solid particles 
 
The insulation strength of air is decreased by the reduction in air density due to the 
temperature increase caused by the fire [4]. The breakdown of air depends on temperature 
and humidity, however in the presence of fire the humidity correction factor, H is minimal, 
and hence it is ignored resulting in the reduced Equation 2.12 from Equation 2.11 [40]: 
 
         
 
 
          ...(2.11) 
 
         
      
 
          ...(2.12) 
 
Where, Us = Breakdown voltage under STP conditions, 
 Vt = Breakdown voltage at actual temperature conditions, 
 p = the barometric pressure and (kPa) 
T = is the actual temperature in Kelvin (K) 
 D = the relative air density (usually denoted δ) defined by the equation: 
 
       
  
      
     
          ...(2.13) 
 
 Where, T = is the actual temperature in 0C, assuming that 
 p0 = 101.3kPa and 
 T0 = 20 0C under STP conditions. 
If p is expressed in mmHg in Equation 2.11, this results in the following equation: 
  
         
      
     
       ...(2.14) 
 
The authors in [5] also cited that the reduction of the dielectric strength of an insulator due to 
increased temperature can be approximately determined by the following equation: 
         
      
     
     …(2.15) 
 





Ut = Flashover/breakdown voltage at actual temperature conditions, 
Us = Flashover/breakdown voltage in STP conditions, 
p = the barometric pressure (mmHg) and 
T = Actual temperature (0C) 
 
Thus taking a temperature of 1200C and applying it in Equation 2.15, neglecting the pressure 
reduction, yields Ut  = 0.76 Us. Equation 2.14 and 2.15 are very close to each other and can 
be approximated to yield equal results. 
 
2.2.2.1 Millimetric experimental tests 
For characteristics of discharges in high temperature air, Alston [49] conducted 
measurements of the breakdown voltage under uniform electric field air gaps. He confirmed 
in high temperature air up to 12000C, the validity of Paschen’s Law for millimetric air gaps.  
 
 
Figure 2.10 Breakdown characteristics for 0.5 mm –2.0 mm gaps at temperatures  
up to 11000C and atmospheric pressure 
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In Figure 2.10 [49], Alston first plotted the breakdown voltage to a base temperature, T (full 
curves), and then re-plotted it (dotted curve) as a function of a parameter x, which is 
proportional to the product of gas density and gap spacing (mm) and was defined by the 
equation: 
                 ...(2.16) 
 
This significant reduction in breakdown voltage with an increase in temperature as observed 
in Figure 2.10 [49] is in agreement with other literature [3]-[5], [6], [9], [42], [50]-[51]. It 
can be observed that the three voltage/temperature curves resulted in only one V/x curve 
which articulates that the breakdown voltage is a function of the parameter x alone. 
 
2.2.2.2 Field experimental tests under AC voltages 
In 1991, Robledo-Martinez et al. [9] sought to illustrate the practical significance of high 
temperatures and investigated the dielectric properties using a model transmission line which 
was subjected to fire conditions. He performed his experiments on a 70 kV AC model 
transmission line as illustrated in Figure 2.11 [9]. 
 
Robledo-Martinez et al. [9] cited several factors that could be attributed to the reduction in 
breakdown levels of air gaps in the presence of fire: 
 
1) Ionization produced by the flame 
2) solids carried by the convection currents associated with combustion, 
3) the reduction in air density resulting from high temperatures and 
4) a combination of these factors. 
 
Results that were obtained from burning various fuels portrayed a significant reduction in 
breakdown levels in comparison with the experiments that were conducted in the absence of 
fire with a fixed height of 1.15 m and a conductor spacing of 12 cm. The reduction levels 
were found to be 49% for gas, 37% for sugarcane leaves, 29% for sugarcane bagasse and 
27% for wood. As the withstand voltage gradient with no fire was recorded to be 
approximately 4.5 kV/cm, it thus means that the mean withstand voltage gradients were 
reduced to 2.3 kV/cm for gas, 2.8 kV/cm for sugarcane leaves, 3.2 kV/cm for sugarcane 
bagasse and 3.3 kV/cm for wood. 
 
The study concluded that the most dangerous air insulation degradation factors were 
temperature and/or ionization.  
 







  Figure 2.11 Experimental setup of a 70 kV AC model transmission line [9, pp. 2]. 
 
It was further indicated that during the combustion process, as a result of the solid particles 
that are released, these would play a significant role only with shorter spans between 
conductors. Additionally, this significance is also subject to physical properties such as the 
concentration and the size.  
 
The 49% reduction in the breakdown level reported in [9] is in good agreement with [3] 
where a 50% reduction in breakdown voltage was observed for a gap spanned by the flame 
for the 15 mm – 30 mm air gap size. However, for larger air gaps (200 mm – 1000 mm) the 
reduction in breakdown voltage was of the order of 75%. The shape of the electrode was 
found to have played no role. The presence of floating particles in the air gap resulted in the 
reduction of breakdown voltage by between 20 – 30%, but the mechanism to breakdown 
remained the same (linear). 
 
In [3] it was shown that the air density effect (reduction of) played a more prominent and 
significant role than the degree of ionization. Further, if a gap is completely engulfed in 
flames, due to the introduction of micrometric particles this would act to significantly reduce 
the level at which the air gap will breakdown. Such an observation is in agreement with the 
factors that were cited in [9] attributed to the reduction in voltage breakdown levels.  
 
Sadurski et al. in [3] further made reference to important field observations that were made 
by Moreno [53] through experience in 1985. These observations were: 
 
1) Maximum temperature in the flame: 8000C – 9000C, 
2) temperature of the conductor: 600C – 800C and 




3) temperature of the air near the conductor: 1100C – 1200C. 
 
Fonseca et al. [5] in 1990 published a paper of tests under fire from sugar cane leaves 
performed in Brazil, in a 1m conductor-to-conductor and conductor-to-plane configurations 
with AC voltage stresses. The reported withstand voltage gradients were 2.5 kV/cm for an 
air gap at ambient temperature conditions (T0 was taken to be 150C), 1.9 kV/cm & 1.7 kV/cm 
for an air gap temperature (air gap not spanned by flames) of 1000C and 1200C respectively. 
For a fire of sugar cane leaves, the withstand voltage gradient was reported to be 0.5 kV/cm. 
Air gap temperatures of 1000C and 1200C represent an equivalent 31% and 32% reduction in 
voltage breakdown levels respectively in comparison with breakdown at 150C. Further, 
spanning the air gap with fire made from sugar cane leaves represented an 80% reduction in 
breakdown levels.  The voltage breakdown levels obtained by spanning the air gap with fire 
were observed to be significantly lower than when the fire did not span the air gap length. 
 
The 80% obtained for an air gap spanned by a fire from sugar cane leaves is in close 
agreement with the 75% reduction reported in [3]. It is noted that the breakdown voltage is 
minimum when the gap is bridged by flames of sugar cane leaves. The significant presence 
of floating particles reaching the air gap resulted in the observation of the highest reduction 
[5] in voltage breakdown levels. This articulates findings reported in [3] and [9]. Fonseca et 
al. also recorded a temperature of 1200C close to the flames which is similar to observations 
made in [3].  
 




Sarduski [54] in 1977 conducted experiments with air gaps between live and earthed 
components and with flames spanning part and the total distance of the gaps. His experiment 
showed that with as little as 60% of the gap between the ground and the conductor of 400 kV 




and 275 kV lines bridged by flames with particles, was sufficient for the line to experience a 
flashover [55]. These results are shown in Table 2.1. [55].  
 
In Table 2.1 the areas indicated in red (Y areas) are those that resulted in a flashover. It is of 
interest to note that only a 400kV line with a clean flame experienced a flashover when the 
entire air gap was bridged by a flame. 
 
 
2.2.2.3 Field experimental tests under DC voltages 
Lanoie et al. [56] in Canada in 1987 conducted a study to investigate the characteristics of a 
bipolar ±450 kV DC model line exposed to burning trees and vegetation. This model line 
had a 13.7 m clearance at mid-span, a phase-to-phase (pole-to-pole) distance of 11.75 m and 
a 70m span length. Each pole consisted of a hollow aluminium tube, 4.4cm in diameter. The 
test line configuration is illustrated in Figure 2.12 [56]. This study represents the most 
practical experimental test setup done for a DC line.   
 
Temperatures of the flame reached 10000C, which is equivalent to a relative air density of 
approximately 0.2. According to IEEE standards one would expect a 50% reduction in the 
efficiency of air insulation based on temperature effects alone but the test results obtained by 
Lanoie et al. yielded a figure of approximately 90%. Such a major reduction in voltage 
breakdown levels is in huge contrast to the literature that has been discussed in this particular 
section. This reduction in this study was to a certain extent attributed to the chemical 












2.2.3. Space charge influence and polarity effect 
 
The space charge influence introduced in Section 2.1.1.2(i) plays a major role on the 
breakdown characteristics of air gaps, especially those that are characterized by a non-
uniform electric field distribution, e.g. point-plane, point-point etc. This influence further 
portrays a dependency on the polarity of the applied voltage, and as such this section seeks to 
elaborate on this inter-dependency. Fundamentals of the space charge influence are first 
discussed in detail with reference to the influence on both the positive and negative polarity. 
To conclude the discussion, literature by a number of authors on the polarity effect is 
presented on prior experimental work and subsequent outcomes.      
 
2.2.3.1 Fundamentals of the space charge influence 
Using the point-plane electrode configuration illustrated in Figure 2.13(a) [21], [37] as a 
reference, the space charge influence on the breakdown voltage of an air gap with a positive 
polarity point is explained as follows [25], [37], [57]: 
 
1. Electrons because of their higher mobility are readily drawn into the anode, leaving 
the positive space charge behind.  
2. The space charge will cause a reduction in the field strength close to the anode and 
at the same time will increase the field further away from it.  
3. The field distortion caused by the positive space charge is illustrated in Figure 
2.13(b).  
4. The high field region is in time moving further into the air gap, thus increasing or 
extending the region for ionization.  
5. A cathode directed streamer will be initiated due to the high electric field strength 
which is on the tip of the space charge. This will ultimately lead to breakdown.  
 
With reference to the negative point-plane electrode configuration illustrated in Figure 
2.14(a); the space charge influence for this configuration is explained as follows [25], [37]: 
 
1. Simplified, the space charge will build up on the negative point-plane gap and cause 
distortion of the electric field Fig. 2.14(b). 
2. Various ionization stages will occur, resulting in the formation of ion clouds and 
ultimately the weakening of the field.  
3. On the termination of the ionization processes, it may then become possible to start 
the formation of new avalanches. 




4. Due to the doubling effect of the ion clouds, it is necessary to apply higher voltages 
to the air gap in order to achieve complete breakdown. This forms the basis for the 
explanation of why under negative DC voltages, higher voltage breakdown levels 
may be expected in comparison with positive DC voltages in highly inhomogeneous 









Figure 2.13 (a) Space charge build-up in positive point-plane gap. 











Figure 2.14 (a) Space charge build-up in negative point-plane gap. 
(b) Field distortion by space charge [21], [37] 




2.2.3.2 The polarity effect reviewed 
Alston [49] in his 1958 paper observed that hot spots result in a very considerable lowering 
of flashover voltage in nearly uniform fields. He showed that breakdown values were higher 
on negative than on positive polarity for a 0.5 cm gap, confirming discussions in Section 
2.2.3.1. Furthermore he conducted a test run with a 20 cm sphere and a 1000°C hot spot in 
the plate. He found that the polarity effect was reversed at a gap spacing of approximately 
2.0 cm, positive breakdown values were higher at bigger gap spacings. This finding was in 
agreement with findings of Broadbent et al. [58] in which positive breakdown voltage values 
were higher than negative values, by an amount which varied with the gap spacing.  Further, 
Sletten et al. [59] also recorded the same polarity effect for Trigatron gaps in which this was 
observed at an air gap spacing of 1.8 cm. However, Alston et al. further concluded that a hot 
spot can lower the breakdown voltage to a value approaching, but not smaller than that 
obtained by heating the whole gap. This effect decreases as the field departs from uniformity 
[49].  
 
Tests conducted by Hernandez-Avilla et al. [60] in which DC breakdown in an air gap 
bridged by a flame was investigated, yielded opposite results to those obtained in [49]. It was 
observed that the electrode polarity influences the current levels of the discharge, this being 
the higher for positive voltages [60]. The theory of higher breakdown voltages for negative 
polarity was maintained. Furthermore, it was observed that the effective ionization follows 
the same overall behavior but the positive coefficients have higher values than the 
corresponding negative ones. The mean withstand voltage gradient recorded in this study 
under fire conditions was 2.5 kV/cm which is in agreement with [9] where a mean withstand 











EXPERIMENTAL LAYOUT & PROCEDURES 
 
 
All experimental work was conducted in the HVDC Centre laboratory in the Westville 
campus at the University of KwaZulu-Natal. Experimental results obtained in the laboratory 
were pivotal in the conduction of an in-depth comparative analysis of the phenomena 
governing breakdown of air gaps under both AC and DC applied voltages. This chapter 
presents a description of the experimental layout and procedures that were followed in 
obtaining the results discussed herein this report. 
 
3.1. Laboratory facilities 
 
The HVDC laboratory at UKZN has a two-stage Walton-Cockcroft HVDC generator with a 
maximum output voltage of +500 kV and –540 kV and a continuous output current of 7.5 
mA. However, this generator set can only go up to ±300 kV due to height restrictions in the 
laboratory. The ripple factor at maximum load is less than 3% [61]. Figure 3.1 [61] 






























Figure 3.1 HVDC Centre Walton-Cockcroft ±533 kV DC generator 
{Based on [61]} 
 





Tests to investigate the effect of floating particles on the air gap breakdown level were 
conducted in a wooden shed as the soot could not be allowed to be dispersed throughout the 
HV laboratory. Thus a Glassman HV rack mount and fully enclosed 4 kW, ±125 kV DC 
generator set with a continuous current output of 30 mA was used to conduct the 
experiments. This generator has a ripple factor of 0.1% RMS of rated voltage at full load up 
to 125 kV and a -200C to +500C ambient temperature operating range. Figure 3.2 below 


























Figure 3.2 Glassman HV front panel of rack-mount ±125 kV, 4 kW DC generator power supply 
{Based on [62]} 
 
3.2. Test setup and design 
 
The tests were conducted with a rod-rod air gap configuration with one electrode energized 
to either positive or negative DC voltage and the other earthed. The experimental setup is 
illustrated in Figure 3.3. 
 
3.2.1 High air gap temperature tests  
 
For smaller air gaps (10 mm – 150 mm) the gas burner used was of the annular type, 
however this became inadequate for larger air gaps, hence for gaps in the 200 mm – 500 mm 
range,   an 800 mm long, longitudinal gas burner was used to adequately induce the required 
heat levels along the entire length of the air gap. 
 





This was setup in the laboratory so as to create a controlled environment as opposed to 
outdoors where conditions vary daily thus making it difficult to obtain consistent or near-
consistent results. Furthermore, it would have been extremely difficult to induce the required 



























Figure 3.3 Experimental setup of the air gap configuration 
 
3.2.2 Particle tests  
 
To introduce particles into the air gap, a mesh wire rack had to be made and this is illustrated 
in Figure 3.4. This was made of a steel top basin, 100 cm (L) x 20 cm (H) in size. The 
bottom of the rack was made of a 30 cm width micro-mesh wire sieve so that it could be able 
to carry the ash particles of the saw dust. These would then be carried up into the air gap by 
the natural upward direction of the heat convection from the gas burner.  However, the 
experimental results obtained from this experimental setup were found to be highly 
inconsistent and thus ultimately inconclusive. This setup had the following shortfalls: 
 
1. The particles carried by the upward convection of the fire stream were inadequate to 
effect any significant introduction of particles in the air gap. This at times resulted 
in sample readings that were evidently only due to the effect of only the increased 
temperature in the air gap and not the combined effect of particles as well.   
2. The amount of particles introduced in the air gap would vary greatly and thus affect 
the breakdown voltages obtained.    
 
This resulted in this particular experimental setup to be abandoned and a more effective 
manner of introducing particles in the air gap had to be sought. This culminated in the design 





of the experimental setup illustrated in Figure 3.5. Critical aspects of the experimental setup 
that could not be achieved previously with the setup shown in Figure 3.4 were corrected in 



























VIBRATING MOTOR (230Vac, 25W) 
WITH REGULATED SPEED










Figure 3.5 Experimental setup used for particle tests  
 
In this experimental setup, a speed regulated vibrating motor was used to generate vibrations 
on a micro sieve comprising of apertures with an area of 1.41 x 1.41mm2 that carried saw-
dust particles. A combination of this vibrating mechanism and the upward convection of the 
fire stream enabled a constant introduction of particles in the air gap. The motor generated a 
rotating motion parallel to the ground which stirred the particles in the sieve and they would 
be lifted off the surface on an upward direction and then come back down vertically on 
gravitational force into the air gap. Further particles would land on the gas burner, and get 
burnt before moving up into the air gap as ash as a result of the upward convection of the fire 





stream. The exact rate of the supply (m3/s) of the particles into the air gap was not quantified 
as this would have involved a series of mathematical models to incorporate the various 
experimental influences on the final number of particles that make it to the air gap and their 
relative speed and direction.  
 
As the speed of the vibrating motor could be regulated, the amount of particles introduced in 
the air gap could therefore be controlled as well. This eliminated possible errors as 
contemplated in the former experimental setup as discussed earlier in this section.    
3.3. Experimental procedures 
 
Rods that were used were made of steel and of 17 mm2 square-cut size. These were erected 
and supported as per Figure 3.3. Only the gap size was varied for the tests, the distance from 
the flame base to the air gap was fixed at 60.5 cm for reasons elaborated on further on in this 
paragraph. The target temperature range was 1000C – 1500C to obtain results that were 
closely aligned with practical findings reported on in [3] and [5].  
 
 
Figure 3.6 Gas burner temperature profile indicating temperature measurement target region 
 
A thermocouple temperature probe (Type K) was used to measure the temperature in the air 
gap. It was, however, imperative to ensure that temperature measurements were taken in the 
region where the rate of change of the temperature (T) with the height (h) from the base of 
the gas burner (dT/dh) was reasonably low, i.e. ≈ constant. A number of these readings were 
taken and Figure 3.6 illustrates a typical temperature profile plot clearly indicating the region 






























Distance from flame base , H(mm) 
dT/dH
TARGET REGION 





height was selected bearing in mind the latter statement. Additionally, careful consideration 
had to be taken so that the air gap was placed at an optimum height that will enable the 
induction of the required temperature levels in the air gap.  
 
For each of the temperatures, prior to the application of the voltage; the air gap temperature 
would be measured, and once again after the measurement to ascertain that there had been no 
significant variation in the temperature in the air gap. The maximum allowable temperature 
variation between the two temperature readings was ±50C, if this limit was breached the 
measurement would be discarded.  
 
With the air gap fixed, the voltage would be raised until breakdown occurred. This would be 
repeated 5 times to obtain an average breakdown voltage for that specific temperature in the 
air gap. A flame was introduced into the air gap (but not bridging the air gap) to vary the 
temperature. As a precaution to ensure that the generator set operating conditions were being 
maintained, ambient temperature readings were also always noted before, during and after 
the tests. 
 
In addition to the procedures discussed above, there were further steps that were 
incorporated when tests with particles were conducted. These include: 
 
1. The cleaning of the brass electrodes between each successive sample reading. This 
was done so as to ensure that the soot particles that settle on the rods did not 
influence the breakdown behavior of the air gap due to the possible introduction of a 
number of particles which may distort the field between the brass electrodes. 
Furthermore, such an effect would have been more significant at smaller air gaps as 
the accumulation of these particles could possibly have acted as an “extension” of 
the rod thus advertently reducing the air gap length which would reduce the 
breakdown voltage. This effect may however had been regarded as negligible in the 
greater scheme of the experimental results. Nonetheless, as far as it was reasonably 
practicable; necessary precautions needed to be taken to preserve the consistency 
and integrity of the results obtained.     
2. Prior to varying the gap length, the amount of particles (mass) in the sieve would be 
measured using a marked beaker to ensure that the amount of particles introduced in 
the air gap did not vary. Depending on the weight carried by the sieve, the resulting 
vibrations would vary accordingly, i.e. for a smaller weight, there are greater 
vibrations, and thus more particles are stirred and carried into the air gap even when 
the speed of the motor remains constant.     









Figure 3.7 Gas mask used for particle tests [63] 
 
Furthermore, due to the associated health risk of dust and millimetric particles being 
continuously present in the room, it was essential that the tests were conducted while a gas 
mask was worn to minimize the risk of harmful exposure such as inhalation and the ingress 
of foreign particles into the eyes. The mask that was used for this purpose is shown in Figure 







EXPERIMENTAL RESULTS AND DISCUSSION 
 
 
In this chapter all work carried out on the breakdown characteristics of a rod-rod air 
gap configuration under DC applied voltage will be presented for both the negative and 
positive polarities. Experimental results obtained will be comparatively analyzed with 
previous work which has been discussed in earlier chapters. 
 
4.1. Breakdown at high temperatures     
4.1.1. Small air gaps [10 mm – 150 mm] 
 
4.1.1.1. Positive polarity 
Presented in Figure 4.1 are breakdown voltage results as a function of the air gap size (10 
mm – 150 mm) for temperatures up to 300°C for the positive polarity. It is shown that 
breakdown characteristics illustrate a linear relationship with the air gap spacing. This 
relationship is observed over the entire temperature range. It must however be noted that 
even with an increase in the air gap temperature, this linear dependence is preserved, but at 
higher temperatures air gaps breakdown at lower voltages than they normally would in 
ambient temperature conditions.  This is in agreement with observations discussed in Section 
2.2 under both the positive and negative DC and AC applied voltages.  
 
The maximum withstand voltage gradient as illustrated in Figure 4.2 is 4.5 kV/cm obtained 
at 320C (ambient temperature conditions without fire). This value is in direct agreement with 
the value of 4.5 kV/cm value obtained by Fonseca et. al.[5] as discussed in Section 2.2.1.1 
obtained under an AC applied voltage. The median of the mean withstand voltage gradient as 
discussed in Section 2.2.1.1 under AC was reported as 3.5 kV/cm, this is 22% lower than the 
value of 4.5 kV/cm reported on in this section. The experimental results obtained under 
positive DC applied voltages at room temperature represent an approximate increase of a 
quarter (  ⁄ ) in the withstand voltage gradient when compared with that discussed in 
literature presented in earlier sections.    
In Section 2.2.1.2, the median of mean withstand voltage gradients observed under positive 
and negative DC applied voltages (for various authors at room temperature) was reported as 
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4.3 kV/cm and 4.7 kV/cm respectively. This further indicates an agreement with 
experimental results obtained herein and this represents a 4% increment and a 4% decrement 
deviation from the positive and negative DC breakdown voltages respectively as discussed in 
the literature surveyed. 
 
  
Figure 4.1 Positive DC voltage breakdown characteristics  
at high temperatures for small air gaps  
 
This reaffirms what was discussed in Section 2.2.1.2, that air gaps at ambient temperature 
conditions under negative DC applied voltages have a higher dielectric strength when 
compared with an equivalent air gap size subjected to positive DC voltage stresses.  
 
The minimum withstand voltage gradient observed in Figure 4.2 is 2.9 kV/cm at an air gap 
temperature of 3000C. This means that the equivalent reduction in the withstand voltage 
gradient is approximately 55% from ambient temperature conditions to 3000C. This 
advertently means that the dielectric strength of an air gap at 3000C is reduced to a value just 
below half of what it would have been at STP conditions which is quite significant. This is in 
good agreement with results obtained by Robledo-Martinez et al [9] as discussed in Section 
2.2.2.2 where a reduction of 49% (withstand gradient of 2.3 kV/cm) was observed in the 
breakdown voltage using gas as a fuel to generate fire under an AC applied voltage.   
 
Figure 4.3 illustrates the reduction in breakdown voltage as a function of air gap temperature 
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300°C is reduced by a maximum of 51%; this is observed on the 60 mm and 80 mm air gaps. 
This reduction is in agreement with that observed in [3] and [9] discussed in Section 2.2.2. 
At an air gap spacing of 120 mm, the least reduction in breakdown levels was observed, this 
was found to be approximately 32%. Over the entire 10 mm – 150 mm air gap range, the 
average reduction in the breakdown voltage was observed to be 46%, which is considerably 
high.  A further observation is the pronounced linear behavior of the reduction in breakdown 




Figure 4.2. Positive DC mean withstand voltage gradient as  
a function of air gap temperature for small air gaps. 
  
In Figure 4.4 a V/x (x as defined in Equation 2.16) plot is illustrated of the experimental 
results as discussed above. It is observed from Figure 4.4 that the V/x curve takes the form of 
a logistic curve of the form: 
 
     ( )   
        
         ...(4.1.) 
Where, 
a, b and c are constants derived from the data. 
 
It further follows that experimental results illustrated in Figure 4.4 are in agreement with 
Alston’s [49] observation that the breakdown voltage is a function of the parameter x alone. 
However, the validity of the latter statement is assumed to be limited only to the 
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Figure 4.3 Temperature effect on positive DC breakdown  
voltage characteristics for small air gaps.  
 
 
Figure 4.4 V/x curve illustrating the temperature effect on positive  

















































































4.1.1.2. Negative polarity 
Observations from Figure 4.5. illustrate that a linear relationship exists between the 
breakdown voltage and the air gap spacing, a similar observation was made under positive 
DC applied voltages discussed in Section 4.1.1.1 above. This relationship is also observed 
over the entire temperature range. Similarly, at higher temperatures air gaps breakdown at 
lower voltages than they normally would in ambient temperature conditions.  This is in 
agreement with observations discussed in Section 2.2.2 under both positive and negative DC 
and AC applied voltages.  
 
The maximum withstand voltage gradient illustrated in Figure 4.6 is 5.1 kV/cm obtained at 
250C (ambient temperature conditions without fire) and it is in close agreement with [47] and 
[45] discussed in Section 2.2.1.2 in which a value of 5.7 kV/cm was obtained. Further in 
Section 2.2.1.2, the median of mean withstand voltage gradients observed under negative DC 
applied voltages (for various authors) was reported as 4.7 kV/cm; this represents an ≈ 20% 
variation between the withstand voltage gradients. The result obtained herein is ≈ 13% 
higher than that observed under positive DC applied voltages which is presented in Section 
4.1.1.1. A higher dielectric strength under negative DC applied voltages is further confirmed 
at ambient temperature conditions. This can be explained by the space charge effect which 
becomes notable in air gaps with trenchantly asymmetrical electric fields as discussed in 
Section 2.2.3.1.Similar observations were also presented in Section 2.2.1.2. 
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Figure 4.6 Negative DC mean withstand voltage gradient as a  
function of air gap temperature for small air gaps  
 
  
Figure 4.7 Temperature effect on negative DC  
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The minimum withstand voltage gradient observed in Figure 4.6 is 2.6 kV/cm. This is an 
equivalent 51% reduction in the withstand voltage gradient from the 5.1 kV/cm discussed 
above. It further follows that as also observed under positive DC polarities (Section 4.1.1.1); 
the dielectric strength of an air gap at 3000C is reduced to a value just below half of what it 
would have been at STP conditions. Over the 20 – 3000C temperature range, the negative 
polarity portrays a lesser degree of dielectric deterioration by 7% as compared to the 
equivalent positive polarity. The space charge effect may still be assumed to play a role in 
the level of breakdown voltage observed under both the positive and negative DC applied 
voltages.      
 
Figure 4.7 illustrates the reduction in breakdown voltage as a function of air gap temperature 
for specific air gap lengths under negative DC applied voltages. The breakdown voltage 
from ambient temperature conditions to 300°C is reduced by a maximum of 50%; this is 
observed in the 10 mm air gap. This reduction is in agreement with that observed in [3] and 
[9] discussed in Section 2.2.2.2. An average of 47% reduction in breakdown levels is 
observed, the least value obtained was 42%.  
 
The behaviour between the air gap temperatures and the breakdown voltage observed for the 
negative polarity is logarithmic as opposed to being linear which was observed in under 
positive polarity. The negative breakdown voltage plots deviate from this linearity for air 
gaps greater than 20 mm.  
 
It can further be noted that for the air gap range of 40 mm – 150 mm, a significant reduction 
in the breakdown voltage is observed for temperatures up to 100°C. This logarithmic 
behavior of the breakdown voltage as observed in Figure 4.7 for the negative polarity 
suggests a vulnerability of negatively charged poles under increased temperature conditions 
up to 1000C. This behavior is in agreement with results obtained by Alston [49] and 
discussed in Section 2.2.3.2.  
 
Figure 4.8 further illustrates a V/x (dotted curve) curve of the experimental results as 
discussed in Section 2.2.2.1. Experimental results illustrated are in agreement with Alston’s 
[49] observation that the breakdown voltage may be assumed to be a function of the 
parameter x alone. Nevertheless it is interesting to note that the scatter the of data shown in 
Figure 4.8 of the V/x curve portrays a greater deviation when compared to the scatter 
observed under the positive polarity. However, beyond this observation it is further noted 
that this scatter is more pronounced at air gaps below 100 mm for both the negative and 
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positive DC polarities. This can be attributed to the logarithmic behaviour of negative 
breakdown voltage with an increase in temperature as discussed in this section. 
 
This behaviour suggests that with an increase in temperature and air gap spacing, values 
obtained from the V/x curve for the negative polarity would remain higher than the 
equivalent positive polarity values. This translates to a higher dielectric strength under 
negative polarity than the equivalent positive polarity.     
 
 
Figure 4.8. V/x curve illustrating temperature effect on negative  
DC breakdown characteristics for small air gaps 
 
4.1.2. Large air gaps [200 mm – 500 mm] 
 
4.1.2.1. Positive polarity 
Figure 4.9. illustrates that a linear relationship exists between the breakdown voltage and the 
air gap spacing for large air gaps, a similar observation was made under both the positive and 
negative DC applied voltages discussed in Section 4.1.1.1 and further in Section 4.1.1.2 
above. As already discussed, at higher temperatures air gaps breakdown at lower voltages 
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2.2.2.  This is in agreement with observations discussed in Section 4.1.1 and 4.1.2 under both 
the positive and negative DC and AC applied voltages.  
 
The maximum withstand voltage gradient illustrated in Figure 4.10. is 5.7 kV/cm obtained at 
240C (ambient temperature conditions without fire) and this is in direct agreement with [47] 
and [45] discussed in Section 2.2.1.2 under negative polarity, in which a value of 5.7 kV/cm 
was also obtained. However, a value of 5.3 kV/cm is reported by Allen et al. [46] and Lowke 
[47] under the positive polarity, this is a variation of approximately 7.5% which is not that 
significant. The result obtained herein is ≈ 26% higher than that observed under the positive 
DC applied voltages for small air gaps, which is presented in Section 4.1.1.1.  
 
The minimum withstand voltage gradient observed in Figure 4.10 is 5.1 kV/cm. This is an 
equivalent 12% reduction in the withstand voltage from ambient temperature conditions to 
1500C. 
 
From Figure 4.11 it is observed that the relationship between the breakdown voltage and the 
air gap temperature initially portrays a higher voltage gradient in the 250C – 500C 
temperature range. This suggests a high dielectric strength loss of the air gap in this range. 
However, in the 500C – 1500C range a more gradual, linear reduction in the breakdown 
voltage with an increase in temperature is evident.    
 
 
Figure 4.9 Positive DC voltage breakdown characteristics  
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Figure 4.10 Positive DC mean withstand voltage gradient as a  





Figure 4.11 Temperature effect on positive DC breakdown  
characteristics for large air gaps 
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4.1.2.2. Negative polarity 
Observations from Figure 4.12 also illustrate that a linear relationship exists between the 
breakdown voltage and the air gap spacing, an observation that has been made for both 
positive and negative DC applied voltages for small air gaps and also for large air gaps 
discussed in Section 4.1.2.1 above. This relationship is also observed over the entire 
temperature range. Higher temperatures for air gaps also result in lower breakdown voltage 
levels than those observed under normal ambient temperature conditions. This is in 
agreement with observations discussed in Section 2.2 under both the positive and negative 
DC and AC applied voltages.  
 
The maximum observed withstand voltage gradient illustrated in Figure 4.13 is 6.0 kV/cm 
obtained at 240C (ambient temperature conditions without fire).  This is in close agreement 
with [47] and [45] discussed in Section 2.2.1.2 in which a value of 5.7 kV/cm was obtained. 
In Section 4.1.2.1 a value of 5.7 kV was reported under no fire conditions under the positive 
polarity, which is ≈ 5% lower than the value obtained herein. A higher dielectric strength 
under negative DC applied voltages is further confirmed at ambient temperature conditions.  
 
The minimum withstand voltage gradient observed in Figure 4.13 is 5.1 kV/cm. This is an 
equivalent 15% reduction in the withstand voltage gradient. A similar observation under 
positive DC polarity (Section 4.1.1.1) was witnessed.  
 
 
Figure 4.12 Negative DC voltage breakdown characteristics  
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However for large air gaps the reduction in breakdown voltage is 25% higher under the 
negative polarity when compared to the equivalent positive polarity. Throughout the 




Figure 4.13 Negative DC mean withstand voltage gradient  
as a function of air gap temperature for large air gaps 
 
As shown in Figure 4.14, it is evident that an almost similar behavioural pattern under 
negative DC applied voltages was observed as witnessed under the positive polarity.  
 
Figure 4.14 Temperature effect on negative DC breakdown  
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It is further confirmed that higher air gap temperatures result in lower breakdown voltage 
levels. However it is noted that for large air gaps, the reduction in air gap breakdown voltage 
observed was found to be higher in the negative polarity than in the positive polarity.   
  
4.2. Effect of particles at high temperatures 
 
The effect of particles was investigated for small air gaps up to a temperature of 2000C and 
the results obtained are presented herein. The experimental setup for the introduction of 
particles into the air gap is discussed in detail in Section 3.2.2.  
 
4.2.1. Positive Polarity 
 
Figure 4.15 illustrates breakdown voltage results as a function of the air gap size (10mm-
150mm) for temperatures up to 200°C for the positive polarity subjected to particles 
introduced into the air gap. It is shown that breakdown characteristics illustrate a linear 
relationship with the air gap spacing. This relationship is observed over the entire 
temperature range and the linear dependence is preserved. As already observed, at higher 
temperatures air gaps breakdown at lower voltages then they normally would in ambient 
temperature conditions.  This is in agreement with observations discussed in Section 2.2 and 
4.1 under both the positive and negative DC and AC applied voltages.  
 
The minimum withstand voltage gradient observed in Figure 4.17. is 3.1 kV/cm at an air gap 
temperature of 2000C. This means that the equivalent reduction in the withstand voltage 
gradient is approximately 31% from ambient temperature conditions to 2000C. While the 
withstand voltage gradient at the same temperature without particles was reported to be 3.2 
kV/cm in Section 4.1.1.1, which is 4% higher than the latter value. This means that the 
dielectric strength of an air gap at high temperatures is further deteriorated by the presence of 
particles in the air gap. Although not quantified, Robledo-Martinez et al.[9] as discussed in 
Section 2.2.2.2 acknowledged the role of solid particles on the breakdown voltage depending 
on their size and concentration.  
 
4.2.2. Negative Polarity 
 
Figure 4.18 illustrates breakdown voltage results as a function of the air gap size (10 mm –
150 mm) for temperatures up to 200°C for the negative polarity subjected to particles 
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introduced into the air gap. It is shown that breakdown characteristics illustrate a linear 
relationship with the air gap spacing. This relationship is observed over the entire 
temperature range and the linear dependence is preserved. As already observed, at higher 
temperatures air gaps breakdown at lower voltages as they normally would under ambient 
temperature conditions.  This is in agreement with observations discussed in Section 2.2 and 




Figure 4.15 Positive DC voltage breakdown characteristics  
at high temperatures for small air gaps with particles 
 
The minimum withstand voltage gradient observed in Figure 4.20 is 3.4 kV/cm at an air gap 
temperature of 2000C. This means that the equivalent reduction in the withstand voltage 
gradient is approximately 33% from ambient temperature conditions to 2000C. While the 
withstand voltage gradient at the same temperature without particles was also reported to be 
3.4 kV/cm in Section 4.1.1.1. This means that the dielectric strength of such an air gap at 
high temperatures was not affected by the presence of particles in the air gap. This 
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Section 2.2.2.2 in which the role of solid particles on the breakdown voltage is dependent  on 




Figure 4.16 Positive DC voltage breakdown characteristics as a function  





Figure 4.17 Positive DC mean withstand voltage gradient as a function  
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Figure 4.18 Negative DC voltage breakdown characteristics  
at high temperatures for small air gaps with particles 
 
The behavior between the air gap temperatures and breakdown voltage observed for the 
negative polarity is logarithmic as opposed to linear which was observed in positive polarity. 
The negative breakdown voltage plots deviate from this linearity for air gaps greater than 20 
mm.  
 
It can further be noted that for the air gap range of 40 mm – 150 mm, the significant 
reduction in breakdown voltage as observed for temperatures up to 100°C under the negative 
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Figure 4.19 Negative DC voltage breakdown characteristics as a function  




Figure 4.20 Negative DC mean withstand voltage gradient as a function  
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4.3. Empirical model for practical applications 
 
In Section 4.1 it was shown that the breakdown voltage can be approximated to be dependent 
on a parameter x (product of air density and the air gap spacing), which was defined in 
Equation 2.16 Figure 4.21 illustrates a proposed approximation of the breakdown voltage as 
a function of the product of the air density function and the air gap spacing under positive 
DC polarity. The density function is used to calculate the equivalent reduction as a result of 
an increase in temperature.   
 
The resultant equation is: 
 
                                           ...(4.2) 
Where, 
Vt_positive = The breakdown voltage at a temperature T (0C), and air gap spacing d [cm]. 
 
Using Equation 4.2, a 1m air gap at an air gap temperature of 1000C (δ = 0.786) would 
breakdown at Vt_positive ≈ 488kV.  
Also illustrated in Figure 4.22 is an equivalent proposed model for the negative polarity. 
This results in the following model: 
 
                                          ...(4.3) 
Where, 
 
Vt_negative = The breakdown voltage at a temperature T (0C), and air gap spacing d [cm]. Given 
the same 1m air gap at 1000C, it would breakdown at  Vt_negative ≈ 492kV which is expectedly 
higher than its equivalent positive polarity. 
 
These models have a single variable x which is influenced by both the temperature in the air 
gap and the actual air gap length. Previous models (AC and DC) that have been developed 
have attempted to define the breakdown voltage as a somewhat linear function of the air gap 
length at ambient temperature conditions. Where temperature effects have been incorporated, 
the breakdown voltage at ambient temperature conditions for a specific air gap has often 
been multiplied by a constant factor corresponding to the equivalent reduction in the air 
density at a specific temperature above ambient.       
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Table 4.1 and Table 4.2 illustrate the positive and negative DC experimental results 
respectively of breakdown voltages with their equivalent corrected values. These values 




Figure 4.21 Positive DC breakdown as a function of x (product of density & air gap spacing)  
 
 
Figure 4.22 Negative DC breakdown as a function of x (product of density & air gap spacing)  
y = 0.6096x + 10.074 




































y = 0.61x + 13.36 
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These were corrected to STP conditions corresponding to the temperature, T0 = 200C and 
pressure, p0 = 1013mb (101.3kPa) to illustrate the correlation between the proposed 
empirical formulae based on the experimental results and the calculated voltage breakdown 
values incorporating the reduction in density as presented in Equation 2.12, 2.14 and 2.15. 
Experimental results as obtained by EPRI [43] were also included in the comparison.  
 
Figure 4.23 illustrates the results obtained from using the empirically derived model of 
Equation 4.2 to plot values of the positive DC breakdown voltage for a 200 mm air gap in 
the 200C – 3000C range. These are plotted with the corrected experimental and EPRI results 
(presented in Table 4.1) applied to the reduced air density prediction model of Equations 
2.14 and 2.15 neglecting the pressure reduction. These results are presented in Appendix J. It 
is to be noted that the derived empirical models for practical applications as presented in 
Equations 4.1 and 4.2 are purely from experimental results and no safety factor has been 
applied to these.       
 
Table 4.1 Corrected experimental positive DC breakdown voltage  
characteristics at room temperature for large air gaps 
 









Breakdown Voltage ▀ 
(kV) 
200 123.30 119.51 130 
250 151.30 146.65 160 
300 181.80 176.22 185 
350 209.00 202.58 220 
400 241.30 233.89 260 
450 269.30 261.03 280 
Note: ▲ Temperature: 240C; Pressure: 995.3mb 
             Note: ▀ EPRI [43] 
 
Table 4.2 Corrected experimental negative DC breakdown voltage  
characteristics at room temperature for large air gaps 
 









Breakdown Voltage ▀ 
(kV) 
200 131.80 127.75 120 
250 152.80 148.11 160 
300 189.00 183.20 180 
350 215.30 208.69 200 
400 249.50 241.84 240 
450 277.50 268.98 270 
Note: ▲ Temperature: 240C; Pressure: 995.3mb 
             Note: ▀ EPRI [43] 
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It can be observed that the percentage error as illustrated in Figure 4.23 gradually increases 
with the corresponding increase in temperature.  
 
Figure 4.23 Plot of the positive DC breakdown voltage of a 200 mm  
air gap as a function of temperature using the derived model  
 
 
Figure 4.24 Plot of the negative DC breakdown voltage of a 200 mm  
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This behaviour may be attributed to the dynamic behaviour of air at these elevated 
temperatures. Given the experimental setup this may have resulted from the difficulty to 
completely control the temperature in the air gap. However, the model illustrates a good 
correlation with the predicted values and this is a good indication of its validity for the 
simulation of Line-To-Tower minimum air gap clearances under dry conditions of positive 
polarity DC towers. 
 
Figure 4.24 illustrates the results obtained from using the empirically derived model of 
Equation 4.2 to plot values of the negative DC breakdown voltage of a 200 mm air gap in the 
200C – 3000C range. These are plotted as per the DC positive polarity plots as discussed in 
this section. These results are also presented in Appendix J.  
 
As observed in the positive polarity, the percentage error as illustrated in Figure 4.24 also 
seems to gradually increase with the corresponding increase in temperature. This behaviour 
has been attributed to reasons discussed above in this section. This model also illustrates a 
good correlation with the predicted values; however it is observed that a greater percentage 
error deviation is observed under the negative polarity when compared with the 
corresponding positive polarity. As it has been mentioned the empirical formulae presented 
in this chapter have not been applied with any safety factor and are purely experimental. 
However, if a safety of factor of 0.8 – 0.9 were applied; these empirical equations would 
yield results much closer to the predicated results presented in both Figure 4.23 and 4.24. 
Similar plots may be generated by varying the air gap length to extract voltage breakdown 
characteristics of varying lengths of Line-To-Tower clearances.          
   
4.4. Conclusion 
 
In Section 4.1 and 4.2 experimental results of the voltage breakdown characteristics for small 
and large air gaps under both positive and negative DC applied voltages were presented and 
discussed. A thorough analysis and discussion was presented of the behavior of air gaps 
subjected to high temperatures up to 3000C. Both the negative and positive DC cases were 
examined with reference to each other and with reference to the AC case. Further, results 
obtained from introducing particles in the smaller air gaps were also discussed. Lastly 
empirical models for practical applications for both polarities were proposed. These models 
enable the calculation of the breakdown voltage given the Line-To-Tower clearance and 
most importantly incorporating ambient air temperature around the vicinity of the conductor 






CONCLUSIONS AND RECOMMENDATIONS 
 
 
 Based on the experimental work conducted as part of this study, the following 
conclusions are made: 
 
1. The mechanism to breakdown for both the positive and negative DC applied 
voltage was found to be linear. A similar result had been obtained by various 
authors under AC applied voltages presented in the literature review. 
2. Although at high temperatures breakdown occurs at a value lower than it 
normally would under ambient temperature conditions, the mechanism leading to 
breakdown remained linear. This was observed under both positive and negative 
polarities. 
3. An approximately 55% and 50% reduction in breakdown voltage can be expected 
to be observed from ambient temperature breakdown levels to a temperature of 
3000C  in the positive and negative polarities respectively. 
4. For smaller air gaps, the dielectric withstand gradient observed under negative 
DC applied voltages at ambient temperature conditions was 5.1 kV/cm which is 
approximately 13% higher than that observed under positive polarity which was 
reported as 4.5 kV/cm. This confirmed a higher negative polarity dielectric 
strength compared to the positive polarity.    
5. For larger air gaps it was further observed that air gaps have a higher dielectric 
strength under the negative polarity.  
6. The dependence of the breakdown voltage of an air gap at high temperatures can 
be approximated by a model based on the dependence of the breakdown voltage 
to a parameter x (product of the relative air density at the temperature and the air 
gap spacing), for both the positive and negative polarity.  
7. The models proposed can be used to approximate the breakdown voltage of a 
Line-To-Tower clearance at a given temperature. 
8. The models developed may be further utilized for DC transmission line design for 
servitudes in areas known to be prone to fires. 





9. The existence of particles in the air gap at high temperatures only influences the 
breakdown voltage levels to a very limited extent and thus depending on the size 
of the particles introduced and their orientation within the air gap their effect can 
be assumed to be close to negligible for practical purposes. Hence only the effect 
of high temperatures within the air gap can practically be assumed to influence 
the voltage breakdown levels. 
  
It suggested that future work be commissioned to further investigate the following aspects of 
the study which were not conclusively exhausted: 
 
1. The effect of the size of the particles on the breakdown voltage levels. 
2. The effect of the various types of fuels. 
3. The effect of a flame bridging the air gap on the breakdown characteristics for both 
the positive and negative polarities under DC voltages. This would provide insight 


























*Extracted from [43], however the original source is [44].
D(m) u.p (kV) T/F Gap Factor Comments 
0.05 +44 F 0.88 Temperature= 32°C, humidity= 12.5g/m3 
0.05 +46 F 0.92 Temperature= 32°C, humidity= 16g/m3 
0.05 +47 F 0.94 Temperature= 32°C, humidity= 17.5g/m3 
0.05 +48 F 0.96 Temperature= 32°C, humidity= 19.5g/m' 
0.05 +49 F 0.98 Temperature= 32°C, humidity= 21g/m3 
0.05 +44 F 0.88 Temperature= 35°C, humidity= 14g/m3 
0.05 +45 F 0.90 Temperature= 35°C, humidity= 15.5g/m3 
0.05 +46 F 0.92 Temperature= 35°C, humidity= 17.5g/m3 
0.05 +4'7 F 0.94 Temperature= 35°C, humidity= 19.5g/m3 
0.05 +49 F 0.98 Temperature= 35°C, humidity= 24g/m' 
0.05 +42 F 0.84 Temperature= 37°C, humidity= 14.5g/m3 
0.05 +43 F 0.86 Temperature= 37°C, humidity= 16.5g/m3 
0.05 +44 F 0.88 Temperature= 37°C, humidity= 18.5g/m3 
0.05 +45 F 0.90 Temperature= 37°C, humidity= 20.5g/m
3 
0.05 +47 F 0.94 Temperature= 37°C, humidity= 24.5g/m3 
0.10 +63 F 0.84 Temperature= 32°C, humidity= 12.5g/m
3 
0.10 +64 F 0.85 Temperature= 32°C, humidity= 16g/m3 
0.10 +65 F 0.87 Temperature= 32°C, humidity= 17.5g/m3 
0.10 +66 F 0.87 Temperature= 32°C, humidity= 19.5g/m' 
0.10 +68 F 0.91 Temperature = 32°C, humidity= 21.5g/m
3 
0.10 +62 F 0.83 Temperature= 35°C, humidity= 14g/m3 
0.10 +64 F 0.85 Temperature= 35°C, humidity= 15.5g/m' 
0.10 +66 F 0.88 Temperature= 35°C, humidity= 17.5g/m' 
0.10 +68 F 0.91 Temperature= 35°C, humidity= 19.5g/m' 
0.10 +70 F 0.93 Temperature= 35°C, humidity= 24g/m
3
;; 




Table A1 cont… 
 
 
D (m) u.p (kV) T/F Gap Factor Comments 
0.10 -t-62 F 0.83 Temperature= 37°C, humidity= 14.5g/m' 
0.10 -t-64 F 0.85 Temperature= 37°C, humidity= 16.5g/m' 
0.10 -t-65 F 0.87 Temperature= 37°C, humidity= 18.5g/m' 
0.10 -t-66 F 0.88 Temperature= 37°C, humidity= 20.5g/m' 
0.10 -t-68 F 0.91 Temperature= 37°C, humidity= 24.5g/m'; 
0.15 +80 F 0.80 Temperature= 32°C, humidity= 12.5g/m' 
0.15 +82 F 0.82 Temperature= 32°C, humidity= 16g/m' 
0.15 +83 F 0.83 Temperature= 32°C, humidity= 17.5g/m' 
0.15 +84 F 0.84 Temperature= 32°C, humidity= 19.5g/m' 
0.15 +85 F 0.85 Temperature = 32°C, humidity= 21 g/m' 
0.15 +78 F 0.78 Temperature= 35°C, humidity= 14g/m' 
0.15 +80 F 0.80 Temperature= 35°C, humidity= 15.5g/m' 
0.15 +81 F 0.81 Temperature= 35°C, humidity= 17 .5g/m' 
0.15 +83 F 0.83 Temperature= 35°C, humidity= 19.5g/m' 
0.15 +85 F 0.85 Temperature= 35°C, humidity= 24g/m' 
0.15 +76 F 0.76 Temperature= 37°C, humidity= 14.5g/m' 
0.15 +77 F 0.77 Temperature= 37°C, humidity= 16.5g/m' 
0.15 +78 F 0.78 Temperature= 37°C, humidity·= 18.5g/m' 
0.15 +80 F 0.80 Temperature= 37°C, humidity= 20.5g/m' 
0.15 +83 F 0.83 Temperature= 37°C, humidity= 24.5g/m' 
0.20 +95 F 0.76 Temperature= 32°C, humidity= 12.5g/m' 
0.20 +97 F 0.78 Temperature= 32°C, humidity= 16g/m' 
0.20 +99 F 0.79 Temperature= 32°C, humidity= 17.5g/m' 
0.20 +100 F 0.80 Temperature= 32°C, humidity= 19.5g/m' 
0.20 +102 F 0.82 Temperature= 32°C, humidity= 1g/m' 





















*Extracted from [43], however the original source is [44].
















































*Extracted from [43], however the original source is [45]. 





Positive dc Breakdown characteristics – Small Airgaps  
 
Table D.1. Positive dc breakdown characteristics with no fire  
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 32 
length (mm) 17 
  
Pressure (mb) 994.3 
breadth (mm) 17 
  




    
 
Breakdown Voltage (kV)  
Sample Reading Number 
Average 
B/down 
d (Gap size) 
in mm 1 2 3 4 5 (kV) 
10 18.00 18.00 19.00 19.00 18.00 18.40 
20 24.50 24.00 24.50 24.00 24.50 24.30 
30 35.00 35.50 36.00 34.50 35.00 35.20 
40 40.00 39.50 36.00 35.00 36.00 37.30 
50 43.00 43.00 42.00 43.00 43.00 42.80 
60 48.00 47.50 47.00 47.00 48.00 47.50 
70 57.00 58.00 58.00 57.00 58.00 57.60 
80 60.00 61.00 61.00 61.00 61.00 60.80 
90 66.00 67.00 65.00 64.00 64.00 65.20 
100 64.00 65.00 67.00 67.00 66.00 65.80 
110 70.00 69.00 70.00 71.00 70.00 70.00 
120 70.00 71.00 71.00 69.00 70.00 70.20 
130 76.00 75.00 75.00 76.00 76.00 75.60 
140 80.00 79.00 80.00 79.00 78.00 79.20 
150 84.00 85.00 84.00 84.00 83.00 84.00 
 
 
Table D.2. Positive dc breakdown characteristics (T_gap = 500C) 
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 21.5 
length (mm) 17 
  
Pressure (mb) 1011 
breadth (mm) 17 
  
Humidity (%) 69.5 




Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 21.00 21.00 21.00 21.00 21.00 21.00 49.00 
20 29.00 29.00 29.00 29.00 29.00 29.00 49.00 
30 32.00 32.00 32.00 32.00 32.00 32.00 51.00 
40 36.00 36.00 36.00 36.00 36.00 36.00 52.00 
50 41.00 41.00 41.00 41.00 41.00 41.00 50.00 
60 46.00 45.00 46.00 45.00 46.00 45.60 51.00 
70 53.00 52.00 52.00 53.00 53.00 52.60 50.00 
80 58.00 58.00 58.00 58.00 57.00 57.80 51.00 
90 58.00 59.00 60.00 60.00 60.00 59.40 50.00 
100 69.00 69.00 69.00 70.00 69.00 69.20 51.00 
110 74.00 74.00 75.00 74.00 75.00 74.40 49.00 
120 76.00 76.00 76.00 76.00 76.00 76.00 53.00 
130 78.00 78.00 80.00 79.00 79.00 78.80 51.00 
140 83.00 82.00 83.00 84.00 83.00 83.00 49.00 
150 85.00 85.00 86.00 86.00 86.00 85.60 53.00 
Average Temperature of air-gap  (˚C) 50.60 




Table D3. Positive dc breakdown characteristics (T_gap = 750C) 
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 25.1 
length (mm) 17 
  
Pressure (mb) 1003.3 
breadth (mm) 17 
  
Humidity (%) 64.7 
 
 





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 22.00 22.00 22.00 22.00 22.00 22.00 76.00 
20 28.00 28.00 28.00 28.00 28.00 28.00 76.00 
30 31.00 31.00 32.00 31.00 31.00 31.20 75.00 
40 35.00 35.00 35.00 35.00 35.00 35.00 74.00 
50 39.00 39.00 39.00 39.00 39.00 39.00 75.00 
60 43.00 43.00 42.00 44.00 44.00 43.20 76.00 
70 48.00 49.00 49.00 50.00 49.00 49.00 75.00 
80 54.00 54.00 55.00 55.00 55.00 54.60 74.00 
90 58.00 58.00 58.00 58.00 58.00 58.00 75.00 
100 60.00 60.00 61.00 60.00 60.00 60.20 76.00 
110 64.00 64.00 64.00 64.00 64.00 64.00 73.00 
120 68.00 68.00 67.00 68.00 68.00 67.80 74.00 
130 69.00 72.00 72.00 72.00 71.00 71.20 75.00 
140 75.00 75.00 75.00 75.00 75.00 75.00 75.00 
150 77.00 75.00 75.00 76.00 77.00 76.00 75.00 
Average Temperature of air-gap  (˚C) 74.93 
 
 
Table D.4. Positive dc breakdown characteristics (T_gap = 1000C) 
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 23.3 
length (mm) 17 
  
Pressure (mb) 1004.3 
breadth (mm) 17 
  
Humidity (%) 69.4 
 
 
Breakdown Voltage (kV) 





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 20.00 20.00 19.00 20.00 20.00 19.80 99.00 
20 27.00 28.00 27.00 26.00 27.00 27.00 100.00 
30 31.00 31.00 31.00 31.00 32.00 31.20 101.00 
40 34.00 35.00 34.00 34.00 35.00 34.40 100.00 
50 39.00 39.00 38.00 38.00 39.00 38.60 102.00 
60 42.00 43.00 42.00 42.00 43.00 42.40 101.00 
70 46.00 46.00 46.00 46.00 46.00 46.00 102.00 
80 49.00 50.00 51.00 50.00 50.00 50.00 102.00 
90 53.00 54.00 54.00 53.00 54.00 53.60 98.00 
100 58.00 57.00 57.00 57.00 56.00 57.00 99.00 
110 62.00 62.00 62.00 61.00 62.00 61.80 102.00 
120 64.00 64.00 63.00 63.00 63.00 63.40 102.00 
130 67.00 67.00 68.00 68.00 68.00 67.60 101.00 
140 72.00 72.00 72.00 71.00 71.00 71.60 100.00 
150 75.00 75.00 76.00 75.00 75.00 75.20 98.00 
Average Temperature of air-gap  (˚C) 100.47 




Table D.5. Positive dc breakdown characteristics (T_gap = 1250C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 22.3 
length (mm) 17 
    
Pressure (mb) 1001.7 
breadth (mm) 17 
    
Humidity (%) 47.3 
 
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 20.00 18.00 19.00 19.00 19.00 19.00 127.00 
20 25.00 25.00 25.00 25.00 25.00 25.00 124.00 
30 29.00 28.00 29.00 28.00 28.00 28.40 125.00 
40 30.00 30.00 30.00 30.00 30.00 30.00 124.00 
50 34.00 35.00 35.00 35.00 34.00 34.60 125.00 
60 39.00 39.00 39.00 40.00 39.00 39.20 124.00 
70 40.00 41.00 41.00 41.00 42.00 41.00 124.00 
80 44.00 44.00 45.00 44.00 45.00 44.40 126.00 
90 48.00 48.00 46.00 47.00 47.00 47.20 126.00 
100 51.00 50.00 51.00 51.00 51.00 50.80 125.00 
110 53.00 53.00 53.00 52.00 54.00 53.00 124.00 
120 57.00 57.00 56.00 57.00 58.00 57.00 123.00 
130 62.00 62.00 62.00 62.00 61.00 61.80 127.00 
140 61.00 62.00 63.00 64.00 63.00 62.60 127.00 
150 65.00 64.00 64.00 64.00 64.00 64.20 125.00 
Average Temperature of air-gap  (˚C) 125.07 
 
 
Table D.6. Positive dc breakdown characteristics (T_gap = 1500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 22.0 
length (mm) 17 
    
Pressure (mb) 1005.5 
breadth (mm) 17 
    
Humidity (%) 67.5 
 
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 17.00 18.00 17.00 17.00 17.00 17.20 150.00 
20 24.00 24.00 25.00 25.00 25.00 24.60 149.00 
30 28.00 28.00 27.00 28.00 29.00 28.00 152.00 
40 30.00 30.00 31.00 32.00 30.00 30.60 152.00 
50 32.00 32.00 32.00 32.00 32.00 32.00 149.00 
60 37.00 38.00 37.00 38.00 38.00 37.60 149.00 
70 42.00 43.00 43.00 42.00 43.00 42.60 148.00 
80 47.00 46.00 47.00 47.00 46.00 46.60 150.00 
90 49.00 50.00 49.00 49.00 50.00 49.40 149.00 
100 54.00 53.00 53.00 53.00 53.00 53.20 151.00 
110 57.00 57.00 57.00 57.00 57.00 57.00 148.00 
120 59.00 58.00 59.00 59.00 58.00 58.60 152.00 
130 63.00 62.00 62.00 63.00 63.00 62.60 149.00 
140 67.00 66.00 66.00 66.00 65.00 66.00 149.00 
150 70.00 68.00 70.00 69.00 69.00 69.20 150.00 
Average Temperature of air-gap  (˚C) 149.80 





Table D.7. Positive dc breakdown characteristics (T_gap = 2000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 22.0 
length (mm) 17 
    
Pressure (mb) 1005.5 
breadth (mm) 17 
    
Humidity (%) 67.5 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 16.00 16.00 16.00 16.00 16.00 16.00 200.00 
20 22.00 22.00 22.00 22.00 22.00 22.00 199.00 
30 24.00 25.00 24.00 24.00 24.00 24.20 202.00 
40 26.00 26.00 27.00 26.00 26.00 26.20 198.00 
50 28.00 29.00 28.00 29.00 29.00 28.60 201.00 
60 32.00 32.00 32.00 33.00 32.00 32.20 202.00 
70 37.00 37.00 36.00 36.00 36.00 36.40 200.00 
80 43.00 44.00 43.00 43.00 43.00 43.20 200.00 
90 43.00 44.00 44.00 44.00 44.00 43.80 201.00 
100 49.00 49.00 48.00 48.00 49.00 48.60 201.00 
110 51.00 51.00 49.00 52.00 51.00 50.80 202.00 
120 52.00 53.00 53.00 53.00 54.00 53.00 201.00 
130 57.00 57.00 57.00 57.00 57.00 57.00 202.00 
140 60.00 59.00 60.00 61.00 61.00 60.20 200.00 
150 62.00 62.00 61.00 62.00 61.00 61.60 200.00 
Average Temperature of air-gap  (˚C) 200.60 
 
 
Table D.8. Positive dc breakdown characteristics (T_gap = 2500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 25.3 
length (mm) 17 
    
Pressure (mb) 1006 
breadth (mm) 17 
    
Humidity (%) 60.6 
 
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 10.00 11.00 11.00 11.00 11.00 10.80 251.00 
20 18.00 18.00 20.00 20.00 19.00 19.00 249.00 
30 22.00 23.00 22.00 22.00 23.00 22.40 249.00 
40 24.00 24.00 24.00 24.00 23.00 23.80 250.00 
50 25.00 26.00 26.00 26.00 26.00 25.80 248.00 
60 27.00 27.00 27.00 26.00 27.00 26.80 249.00 
70 31.00 31.00 31.00 31.00 31.00 31.00 249.00 
80 33.00 33.00 34.00 34.00 34.00 33.60 249.00 
90 38.00 38.00 38.00 39.00 37.00 38.00 248.00 
100 41.00 43.00 43.00 43.00 43.00 42.60 252.00 
110 46.00 46.00 46.00 47.00 47.00 46.40 250.00 
120 50.00 50.00 50.00 50.00 50.00 50.00 250.00 
130 52.00 52.00 52.00 52.00 52.00 52.00 249.00 
140 54.00 54.00 54.00 53.00 55.00 54.00 252.00 
150 58.00 56.00 56.00 57.00 57.00 56.80 248.00 
Average Temperature of air-gap  (˚C) 249.53 





Table D.9. Positive dc breakdown characteristics (T_gap = 3000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 24.6 
length (mm) 17 
    
Pressure (mb) 1005.5 
breadth (mm) 17 
    
Humidity (%) 71.3 
 
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 13.00 12.00 12.00 12.00 12.00 12.20 299.00 
20 15.00 15.00 15.00 15.00 15.00 15.00 299.00 
30 17.00 18.00 18.00 19.00 19.00 18.20 299.00 
40 19.00 20.00 20.00 18.00 20.00 19.40 301.00 
50 22.00 22.00 22.00 23.00 22.00 22.20 300.00 
60 23.00 23.00 23.00 24.00 24.00 23.40 299.00 
70 26.00 26.00 25.00 25.00 25.00 25.40 299.00 
80 29.00 29.00 30.00 31.00 31.00 30.00 299.00 
90 33.00 34.00 34.00 35.00 34.00 34.00 298.00 
100 41.00 41.00 41.00 42.00 42.00 41.40 300.00 
110 43.00 46.00 46.00 45.00 45.00 45.00 301.00 
120 48.00 47.00 47.00 48.00 48.00 47.60 301.00 
130 48.00 48.00 48.00 48.00 48.00 48.00 300.00 
140 49.00 49.00 49.00 49.00 50.00 49.20 300.00 
150 51.00 50.00 50.00 50.00 52.00 50.60 302.00 
Average Temperature of air-gap  (˚C) 299.80 
 
 






Negative dc Breakdown characteristics – Small Airgaps  
 
Table E.1. Negative dc breakdown characteristics with no fire  
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 32 
length (mm) 17 
  
Pressure (mb) 994.3 
breadth (mm) 17 
  




    
 
Breakdown Voltage (kV)  
Sample Reading Number 
Average 
B/down 
d (Gap size) 
in mm 1 2 3 4 5 (kV) 
10 18.00 18.00 19.00 19.00 18.00 18.40 
20 24.50 24.00 24.50 24.00 24.50 24.30 
30 35.00 35.50 36.00 34.50 35.00 35.20 
40 40.00 39.50 36.00 35.00 36.00 37.30 
50 43.00 43.00 42.00 43.00 43.00 42.80 
60 48.00 47.50 47.00 47.00 48.00 47.50 
70 57.00 58.00 58.00 57.00 58.00 57.60 
80 60.00 61.00 61.00 61.00 61.00 60.80 
90 66.00 67.00 65.00 64.00 64.00 65.20 
100 64.00 65.00 67.00 67.00 66.00 65.80 
110 70.00 69.00 70.00 71.00 70.00 70.00 
120 70.00 71.00 71.00 69.00 70.00 70.20 
130 76.00 75.00 75.00 76.00 76.00 75.60 
140 80.00 79.00 80.00 79.00 78.00 79.20 
150 84.00 85.00 84.00 84.00 83.00 84.00 
 
 
Table E.2. Negative dc breakdown characteristics (T_gap = 500C) 
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 21.5 
length (mm) 17 
  
Pressure (mb) 1011 
breadth (mm) 17 
  
Humidity (%) 69.5 




Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 21.00 21.00 21.00 21.00 21.00 21.00 49.00 
20 29.00 29.00 29.00 29.00 29.00 29.00 49.00 
30 32.00 32.00 32.00 32.00 32.00 32.00 51.00 
40 36.00 36.00 36.00 36.00 36.00 36.00 52.00 
50 41.00 41.00 41.00 41.00 41.00 41.00 50.00 
60 46.00 45.00 46.00 45.00 46.00 45.60 51.00 
70 53.00 52.00 52.00 53.00 53.00 52.60 50.00 
80 58.00 58.00 58.00 58.00 57.00 57.80 51.00 
90 58.00 59.00 60.00 60.00 60.00 59.40 50.00 
100 69.00 69.00 69.00 70.00 69.00 69.20 51.00 
110 74.00 74.00 75.00 74.00 75.00 74.40 49.00 
120 76.00 76.00 76.00 76.00 76.00 76.00 53.00 
130 78.00 78.00 80.00 79.00 79.00 78.80 51.00 
140 83.00 82.00 83.00 84.00 83.00 83.00 49.00 
150 85.00 85.00 86.00 86.00 86.00 85.60 53.00 
Average Temperature of air-gap  (˚C) 50.60 




Table E.3. Negative dc breakdown characteristics (T_gap = 750C) 
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 25.1 
length (mm) 17 
  
Pressure (mb) 1003.3 
breadth (mm) 17 
  
Humidity (%) 64.7 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 22.00 22.00 22.00 22.00 22.00 22.00 76.00 
20 28.00 28.00 28.00 28.00 28.00 28.00 76.00 
30 31.00 31.00 32.00 31.00 31.00 31.20 75.00 
40 35.00 35.00 35.00 35.00 35.00 35.00 74.00 
50 39.00 39.00 39.00 39.00 39.00 39.00 75.00 
60 43.00 43.00 42.00 44.00 44.00 43.20 76.00 
70 48.00 49.00 49.00 50.00 49.00 49.00 75.00 
80 54.00 54.00 55.00 55.00 55.00 54.60 74.00 
90 58.00 58.00 58.00 58.00 58.00 58.00 75.00 
100 60.00 60.00 61.00 60.00 60.00 60.20 76.00 
110 64.00 64.00 64.00 64.00 64.00 64.00 73.00 
120 68.00 68.00 67.00 68.00 68.00 67.80 74.00 
130 69.00 72.00 72.00 72.00 71.00 71.20 75.00 
140 75.00 75.00 75.00 75.00 75.00 75.00 75.00 
150 77.00 75.00 75.00 76.00 77.00 76.00 75.00 
Average Temperature of air-gap  (˚C) 74.93 
 
 
Table E.4. Negative dc breakdown characteristics (T_gap = 1000C) 
 
 
Rod Geometry: Rod - Rod  
 
Temperature (˚C) 23.3 
length (mm) 17 
  
Pressure (mb) 1004.3 
breadth (mm) 17 
  
Humidity (%) 69.4 
 
 
Breakdown Voltage (kV) 





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 20.00 20.00 19.00 20.00 20.00 19.80 99.00 
20 27.00 28.00 27.00 26.00 27.00 27.00 100.00 
30 31.00 31.00 31.00 31.00 32.00 31.20 101.00 
40 34.00 35.00 34.00 34.00 35.00 34.40 100.00 
50 39.00 39.00 38.00 38.00 39.00 38.60 102.00 
60 42.00 43.00 42.00 42.00 43.00 42.40 101.00 
70 46.00 46.00 46.00 46.00 46.00 46.00 102.00 
80 49.00 50.00 51.00 50.00 50.00 50.00 102.00 
90 53.00 54.00 54.00 53.00 54.00 53.60 98.00 
100 58.00 57.00 57.00 57.00 56.00 57.00 99.00 
110 62.00 62.00 62.00 61.00 62.00 61.80 102.00 
120 64.00 64.00 63.00 63.00 63.00 63.40 102.00 
130 67.00 67.00 68.00 68.00 68.00 67.60 101.00 
140 72.00 72.00 72.00 71.00 71.00 71.60 100.00 
150 75.00 75.00 76.00 75.00 75.00 75.20 98.00 
Average Temperature of air-gap  (˚C) 100.47 
 




Table E.5. Negative dc breakdown characteristics (T_gap = 1250C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 23.7 
length (mm) 17 
    
Pressure (mb) 992.4 
breadth (mm) 17 
    
Humidity (%) 68.7 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 18.00 18.00 18.00 18.00 18.00 18.00 126.00 
20 23.00 24.00 24.00 24.00 24.00 23.80 125.00 
30 26.00 26.00 27.00 27.00 28.00 26.80 124.00 
40 33.00 33.00 33.00 33.00 34.00 33.20 123.00 
50 36.00 36.00 36.00 37.00 37.00 36.40 127.00 
60 41.00 41.00 42.00 41.00 41.00 41.20 125.00 
70 45.00 45.00 46.00 44.00 44.00 44.80 126.00 
80 48.00 49.00 48.00 48.00 48.00 48.20 127.00 
90 50.00 51.00 51.00 51.00 51.00 50.80 126.00 
100 52.00 53.00 53.00 54.00 54.00 53.20 126.00 
110 57.00 57.00 57.00 57.00 57.00 57.00 124.00 
120 59.00 59.00 59.00 60.00 60.00 59.40 125.00 
130 63.00 64.00 65.00 65.00 65.00 64.40 123.00 
140 66.00 67.00 67.00 68.00 67.00 67.00 127.00 
150 68.00 69.00 69.00 69.00 69.00 68.80 125.00 
Average Temperature of air-gap  (˚C) 125.27 
 
 
Table E.6. Negative dc breakdown characteristics (T_gap = 1500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 23 
length (mm) 17 
    
Pressure (mb) 1004.2 
breadth (mm) 17 
    
Humidity (%) 70.4 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 18.00 17.00 17.00 17.00 16.00 17.00 149.00 
20 24.00 25.00 24.00 24.00 24.00 24.20 151.00 
30 26.00 26.00 27.00 26.00 26.00 26.20 150.00 
40 30.00 29.00 29.00 29.00 29.00 29.20 152.00 
50 33.00 33.00 34.00 33.00 33.00 33.20 148.00 
60 36.00 35.00 36.00 35.00 36.00 35.60 152.00 
70 39.00 38.00 37.00 38.00 39.00 38.20 150.00 
80 46.00 46.00 45.00 46.00 46.00 45.80 150.00 
90 47.00 48.00 48.00 47.00 47.00 47.40 149.00 
100 49.00 49.00 50.00 50.00 50.00 49.60 148.00 
110 50.00 51.00 50.00 51.00 51.00 50.60 151.00 
120 52.00 52.00 52.00 51.00 52.00 51.80 150.00 
130 56.00 57.00 56.00 56.00 56.00 56.20 150.00 
140 62.00 62.00 62.00 62.00 62.00 62.00 151.00 
150 64.00 64.00 64.00 63.00 64.00 63.80 149.00 
Average Temperature of air-gap  (˚C) 150.00 





Table E.7. Negative dc breakdown characteristics (T_gap = 2000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 23.1 
length (mm) 17 
    
Pressure (mb) 1006.9 
breadth (mm) 17 
    
Humidity (%) 60.9 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 15.00 15.00 15.00 15.00 15.00 15.00 200.00 
20 19.00 19.00 19.00 19.00 19.00 19.00 200.00 
30 23.00 23.00 23.00 23.00 22.00 22.80 201.00 
40 26.00 25.00 25.00 25.00 26.00 25.40 200.00 
50 29.00 29.00 29.00 30.00 29.00 29.20 199.00 
60 32.00 31.00 32.00 32.00 31.00 31.60 201.00 
70 36.00 36.00 37.00 36.00 36.00 36.20 200.00 
80 42.00 41.00 42.00 42.00 41.00 41.60 200.00 
90 46.00 46.00 45.00 45.00 46.00 45.60 202.00 
100 49.00 48.00 48.00 49.00 49.00 48.60 202.00 
110 51.00 51.00 51.00 52.00 52.00 51.40 199.00 
120 54.00 53.00 54.00 54.00 53.00 53.60 199.00 
130 57.00 56.00 56.00 57.00 57.00 56.60 201.00 
140 57.00 56.00 58.00 57.00 58.00 57.20 199.00 
150 61.00 62.00 63.00 63.00 62.00 62.20 198.00 
Average Temperature of air-gap  (˚C) 200.07 
 
 
Table E.8. Negative dc breakdown characteristics (T_gap = 2500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 24.9 
length (mm) 17 
    
Pressure (mb) 1007.5 
breadth (mm) 17 
    
Humidity (%) 59.3 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 13.00 14.00 14.00 14.00 14.00 13.80 248.00 
20 18.00 18.00 17.00 18.00 17.00 17.60 248.00 
30 17.00 20.00 19.00 19.00 19.00 18.80 251.00 
40 19.00 20.00 21.00 21.00 21.00 20.40 250.00 
50 22.00 23.00 23.00 22.00 22.00 22.40 251.00 
60 25.00 24.00 24.00 24.00 25.00 24.40 250.00 
70 28.00 27.00 26.00 26.00 27.00 26.80 248.00 
80 27.00 28.00 29.00 28.00 28.00 28.00 248.00 
90 30.00 32.00 31.00 31.00 30.00 30.80 252.00 
100 34.00 34.00 35.00 34.00 35.00 34.40 251.00 
110 38.00 37.00 37.00 37.00 37.00 37.20 252.00 
120 41.00 41.00 41.00 41.00 42.00 41.20 249.00 
130 44.00 44.00 45.00 45.00 46.00 44.80 249.00 
140 48.00 47.00 49.00 48.00 48.00 48.00 252.00 
150 51.00 52.00 49.00 52.00 53.00 51.40 251.00 
Average Temperature of air-gap  (˚C) 250.00 





Table E.9. Negative dc breakdown characteristics (T_gap = 3000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 25 
length (mm) 17 
    
Pressure (mb) 1006 
breadth (mm) 17 
    
Humidity (%) 75.3 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 11.00 12.00 12.00 11.00 11.00 11.40 302.00 
20 14.00 14.00 14.00 15.00 14.00 14.20 302.00 
30 16.00 15.00 16.00 16.00 16.00 15.80 302.00 
40 17.00 18.00 18.00 18.00 18.00 17.80 300.00 
50 23.00 23.00 22.00 23.00 24.00 23.00 298.00 
60 25.00 25.00 26.00 25.00 24.00 25.00 302.00 
70 28.00 28.00 27.00 27.00 27.00 27.40 300.00 
80 29.00 30.00 29.00 29.00 31.00 29.60 299.00 
90 30.00 30.00 31.00 31.00 32.00 30.80 300.00 
100 32.00 33.00 33.00 32.00 33.00 32.60 300.00 
110 36.00 36.00 36.00 37.00 37.00 36.40 302.00 
120 40.00 41.00 41.00 42.00 41.00 41.00 299.00 
130 44.00 43.00 44.00 43.00 44.00 43.60 301.00 
140 45.00 47.00 45.00 47.00 46.00 46.00 299.00 
150 48.00 49.00 50.00 50.00 50.00 49.40 299.00 



















Positive dc Breakdown characteristics – Large Airgaps  
 
Table F.1. Positive dc breakdown characteristics with no fire  
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 24.0 
length (mm) 17 
   
Pressure (mb) 995.3 
breadth (mm) 17 
   
Humidity (%) 51.1 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 (kV) (˚C) 
200 128.00 122.00 121.00 122.00 123.3 24.00 
250 152.00 150.00 153.00 150.00 151.3 24.00 
300 185.00 180.00 181.00 181.00 181.8 24.00 
350 210.00 209.00 207.00 210.00 209.0 24.00 
400 240.00 242.00 241.00 242.00 241.3 24.00 
450 270.00 269.00 269.00 269.00 269.3 24.00 
Average Temperature of air-gap  (˚C) 24.00 
 
 
Table F.2. Positive dc breakdown characteristics (T_gap = 500C) 
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 22.0 
length (mm) 17 
   
Pressure (mb) 1006 
breadth (mm) 17 
   
Humidity (%) 60.6 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 (kV) (˚C) 
200 115.00 110.00 112.00 113.00 112.50 50.50 
250 141.00 142.00 136.00 142.00 140.25 50.50 
300 162.00 160.00 162.00 162.00 161.50 50.50 
350 197.00 192.00 192.00 190.00 192.75 50.50 
400 220.00 220.00 218.00 223.00 220.25 50.50 
450 252.00 246.00 247.00 245.00 247.50 50.50 
Average Temperature of air-gap  (˚C) 50.50 
 




Table F.3. Positive dc breakdown characteristics (T_gap = 1000C) 
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 23.5 
length (mm) 17 
   
Pressure (mb) 997.5 
breadth (mm) 17 
   
Humidity (%) 64.6 
 
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 (kV) (˚C) 
200 105.00 106.00 104.00 103.00 104.5 97.0 
250 125.00 120.00 121.00 124.00 122.5 102.0 
300 156.00 152.00 151.00 151.00 152.5 98.0 
350 177.00 177.00 181.00 182.00 179.3 98.0 
400 207.00 207.00 200.00 200.00 203.5 102.0 
450 231.00 231.00 230.00 235.00 231.8 100.0 
500 255.00 261.00 261.00 267.00 261.00 105.0 
Average Temperature of air-gap  (˚C) 100.29 
 
 
Table F.5. Positive dc breakdown characteristics (T_gap = 1500C) 
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 23.5 
length (mm) 17 
   
Pressure (mb) 1003 
breadth (mm) 17 
   
Humidity (%) 61.5 
 
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 (kV) (˚C) 
200 94.00 95.00 91.00 93.00 93.3 148.0 
250 116.00 114.00 114.00 113.00 114.3 149.0 
300 143.00 140.00 141.00 143.00 141.8 152.0 
350 171.00 171.00 169.00 170.00 170.3 151.0 
400 195.00 197.00 197.00 196.00 196.3 152.0 
450 222.00 222.00 223.00 224.00 222.8 151.0 
500 243.00 241.00 241.00 244.00 242.25 152.0 
Average Temperature of air-gap  (˚C) 150.71 
 
 





Negative dc Breakdown characteristics – Large Airgaps  
 
Table G.1. Negative dc breakdown characteristics with no fire  
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 24.0 
length (mm) 17 
   
Pressure (mb) 995.3 
breadth (mm) 17 
   
Humidity (%) 51.1 
       
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 (kV) (˚C) 
200 131.00 131.00 133.00 132.00 131.8 24.00 
250 156.00 151.00 152.00 152.00 152.8 24.00 
300 187.00 189.00 190.00 190.00 189.0 24.00 
350 217.00 215.00 214.00 215.00 215.3 24.00 
400 249.00 248.00 250.00 251.00 249.5 24.00 
450 278.00 277.00 277.00 278.00 277.5 24.00 
Average Temperature of air-gap  (˚C) 24.00 
 
 
Table G.2. Negative dc breakdown characteristics (T_gap = 500C) 
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 22.0 
length (mm) 17 
   
Pressure (mb) 1006 
breadth (mm) 17 
   
Humidity (%) 60.6 
       
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 (kV) (˚C) 
200 121.00 122.00 121.00 122.00 121.50 50.50 
250 141.00 141.00 140.00 142.00 141.00 50.50 
300 166.00 165.00 166.00 167.00 166.00 50.50 
350 203.00 200.00 200.00 201.00 201.00 50.50 
400 234.00 234.00 230.00 231.00 232.25 50.50 
450 260.00 258.00 255.00 256.00 257.25 50.50 








Table G.3. Negative dc breakdown characteristics (T_gap = 1000C) 
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 23.5 
length (mm) 17 
   
Pressure (mb) 987 
breadth (mm) 17 
   
Humidity (%) 50 
       
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 (kV) (˚C) 
200 105.00 106.00 104.00 103.00 104.5 100.0 
250 125.00 120.00 121.00 124.00 122.5 100.0 
300 156.00 152.00 151.00 151.00 152.5 100.0 
350 177.00 177.00 181.00 182.00 179.3 100.0 
400 207.00 207.00 200.00 200.00 203.5 100.0 
450 231.00 231.00 230.00 235.00 231.8 100.0 
500 255.00 261.00 261.00 267.00 261.00 100.0 
Average Temperature of air-gap  (˚C) 100.00 
 
 
Table G.4. Negative dc breakdown characteristics (T_gap = 1500C) 
 
 
Rod Geometry: Rod - Rod  
  
Temperature (˚C) 26.0 
length (mm) 17 
   
Pressure (mb) 1007 
breadth (mm) 17 
   
Humidity (%) 48 
       
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 (kV) (˚C) 
200 94.00 95.00 91.00 93.00 93.3 149.0 
250 116.00 114.00 114.00 113.00 114.3 149.0 
300 143.00 140.00 141.00 143.00 141.8 153.0 
350 171.00 171.00 169.00 170.00 170.3 153.0 
400 195.00 197.00 197.00 196.00 196.3 153.0 
450 222.00 222.00 223.00 224.00 222.8 151.0 
500 243.00 241.00 241.00 244.00 242.25 152.0 
Average Temperature of air-gap  (˚C) 151.43 
 
 





Positive dc Breakdown characteristics – Small Airgaps (Particles)  
 
Table H.1. Positive dc breakdown characteristics (T_gap = 500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temp. (˚C) 24.3 
      
Pressure (mb) 996 
length (mm) 17 
    
Humidity (%) 64 
breadth (mm) 17 
      
        
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 15.00 15.00 16.00 15.00 15.00 15.20 49.00 
20 22.00 22.00 21.00 23.00 22.00 22.00 50.00 
30 27.00 27.00 26.00 27.00 28.00 27.00 50.00 
40 31.00 32.00 31.00 31.00 31.00 31.20 50.00 
50 34.00 36.00 37.00 36.00 36.00 35.80 51.00 
60 38.00 34.00 40.00 40.00 39.00 38.20 50.00 
70 44.00 43.00 45.00 44.00 45.00 44.20 50.00 
80 52.00 51.00 51.00 51.00 51.00 51.20 51.00 
90 54.00 55.00 56.00 56.00 56.00 55.40 50.00 
100 62.00 62.00 64.00 64.00 62.00 62.80 49.00 
110 67.00 67.00 68.00 69.00 68.00 67.80 50.00 
120 70.00 71.00 70.00 72.00 69.00 70.40 51.00 
130 73.00 75.00 74.00 73.00 74.00 73.80 52.00 
140 77.00 78.00 79.00 77.00 78.00 77.80 50.00 
150 81.00 83.00 81.00 83.00 83.00 82.20 51.00 
Average Temperature of air-gap  (˚C) 50.27 
 
 
Table H2. Positive dc breakdown characteristics (T_gap = 750C) 
 
 
Rod Geometry: Rod - Rod  
   
Temp. (˚C) 26 
length (mm) 17 
    
Pressure (mb) 999 
breadth (mm) 17 
    
Humidity (%) 48 
        
 
Breakdown Voltage (kV) Sample Reading Number 
Average 
B/down Air-gap Temp 
d (Gap size) in 
mm 1 2 3 4 5 (kV) (˚C) 
10 16.00 16.00 16.00 17.00 16.00 16.20 74.00 
20 23.00 24.00 23.00 23.00 24.00 23.40 77.00 
30 26.00 27.00 25.00 26.00 27.00 26.20 73.00 
40 31.00 30.00 31.00 30.00 31.00 30.60 78.00 
50 35.00 35.00 36.00 35.00 35.00 35.20 73.00 
60 38.00 38.00 39.00 38.00 38.00 38.20 79.00 
70 42.00 42.00 43.00 43.00 43.00 42.60 76.00 
80 47.00 47.00 46.00 47.00 48.00 47.00 79.00 
90 52.00 52.00 54.00 54.00 54.00 53.20 76.00 
100 57.00 57.00 56.00 58.00 58.00 57.20 76.00 
110 59.00 59.00 60.00 61.00 61.00 60.00 77.00 
120 64.00 64.00 64.00 63.00 64.00 63.80 76.00 
130 68.00 68.00 70.00 70.00 68.00 68.80 75.00 
140 72.00 72.00 73.00 73.00 72.00 72.40 75.00 
150 75.00 75.00 75.00 75.00 76.00 75.20 75.00 
Average Temperature of air-gap  (˚C) 75.93 
 




Table H.3. Positive dc breakdown characteristics (T_gap = 1000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 26 
length (mm) 17 
    
Pressure (mb) 999 
breadth (mm) 17 
    
Humidity (%) 48 
        
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 13.00 15.00 14.00 14.00 13.00 13.80 100.00 
20 20.00 21.00 22.00 20.00 21.00 20.80 97.00 
30 23.00 25.00 24.00 24.00 24.00 24.00 102.00 
40 29.00 28.00 29.00 28.00 28.00 28.40 101.00 
50 33.00 33.00 32.00 32.00 30.00 32.00 99.00 
60 33.00 36.00 34.00 33.00 33.00 33.80 101.00 
70 37.00 37.00 36.00 36.00 36.00 36.40 97.00 
80 40.00 41.00 41.00 42.00 41.00 41.00 100.00 
90 45.00 43.00 43.00 44.00 44.00 43.80 100.00 
100 48.00 49.00 48.00 48.00 49.00 48.40 98.00 
110 52.00 54.00 53.00 52.00 54.00 53.00 102.00 
120 57.00 58.00 59.00 58.00 58.00 58.00 102.00 
130 61.00 63.00 62.00 62.00 63.00 62.20 102.00 
140 65.00 64.00 66.00 66.00 66.00 65.40 103.00 
150 69.00 68.00 68.00 70.00 70.00 69.00 104.00 
Average Temperature of air-gap  (˚C) 100.53 
 
 
Table H.4. Positive dc breakdown characteristics (T_gap = 1250C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 26 
length (mm) 17 
    
Pressure (mb) 998 
breadth (mm) 17 
    
Humidity (%) 70 
        
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 12.00 14.00 14.00 13.00 14.00 13.40 125.00 
20 17.00 18.00 17.00 18.00 18.00 17.60 127.00 
30 22.00 23.00 23.00 24.00 24.00 23.20 128.00 
40 26.00 26.00 25.00 26.00 26.00 25.80 125.00 
50 30.00 30.00 31.00 29.00 30.00 30.00 125.00 
60 33.00 34.00 33.00 33.00 34.00 33.40 126.00 
70 37.00 36.00 37.00 37.00 36.00 36.60 124.00 
80 39.00 40.00 39.00 39.00 39.00 39.20 127.00 
90 41.00 41.00 42.00 42.00 41.00 41.40 126.00 
100 45.00 46.00 46.00 45.00 47.00 45.80 125.00 
110 51.00 52.00 51.00 51.00 51.00 51.20 124.00 
120 54.00 53.00 55.00 53.00 55.00 54.00 125.00 
130 58.00 59.00 59.00 60.00 59.00 59.00 124.00 
140 63.00 64.00 62.00 63.00 63.00 63.00 126.00 
150 67.00 68.00 67.00 67.00 68.00 67.40 124.00 
Average Temperature of air-gap  (˚C) 125.40 
 
 




Table H.5. Positive dc breakdown characteristics (T_gap = 1500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 26.0 
length (mm) 17 
    
Pressure (mb) 998 
breadth (mm) 17 
    
Humidity (%) 70 
        
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 13.00 14.00 13.00 13.00 13.00 13.20 150.00 
20 16.00 17.00 16.00 16.00 16.00 16.20 149.00 
30 19.00 20.00 19.00 19.00 19.00 19.20 152.00 
40 24.00 25.00 25.00 24.00 25.00 24.60 155.00 
50 27.00 28.00 27.00 27.00 27.00 27.20 154.00 
60 30.00 31.00 31.00 30.00 31.00 30.60 154.00 
70 33.00 34.00 34.00 35.00 33.00 33.80 151.00 
80 35.00 36.00 37.00 37.00 37.00 36.40 150.00 
90 40.00 39.00 41.00 41.00 41.00 40.40 149.00 
100 43.00 42.00 43.00 43.00 43.00 42.80 151.00 
110 45.00 46.00 46.00 45.00 46.00 45.60 153.00 
120 49.00 48.00 48.00 48.00 49.00 48.40 152.00 
130 50.00 51.00 51.00 52.00 51.00 51.00 149.00 
140 55.00 55.00 56.00 55.00 55.00 55.20 149.00 
150 60.00 59.00 60.00 59.00 59.00 59.40 150.00 
Average Temperature of air-gap  (˚C) 151.20 
 
 
Table H.6. Positive dc breakdown characteristics (T_gap = 2000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 22.0 
length (mm) 17 
    
Pressure (mb) 1005.5 
breadth (mm) 17 
    
Humidity (%) 67.5 
        
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 11.00 12.00 12.00 11.00 12.00 11.60 200.00 
20 14.00 15.00 15.00 15.00 16.00 15.00 199.00 
30 18.00 18.00 19.00 18.00 18.00 18.20 202.00 
40 21.00 22.00 22.00 21.00 21.00 21.40 198.00 
50 25.00 26.00 26.00 26.00 26.00 25.80 201.00 
60 27.00 28.00 28.00 28.00 28.00 27.80 202.00 
70 31.00 32.00 33.00 31.00 31.00 31.60 200.00 
80 34.00 35.00 34.00 34.00 34.00 34.20 205.00 
90 36.00 37.00 36.00 36.00 44.00 37.80 204.00 
100 40.00 40.00 39.00 39.00 49.00 41.40 201.00 
110 42.00 42.00 43.00 43.00 51.00 44.20 202.00 
120 45.00 46.00 45.00 46.00 54.00 47.20 201.00 
130 48.00 49.00 48.00 49.00 48.00 48.40 202.00 
140 50.00 51.00 52.00 52.00 52.00 51.40 198.00 
150 55.00 56.00 55.00 55.00 56.00 55.40 198.00 










Negative dc Breakdown characteristics – Small Airgaps (Particles)  
 
Table I.1. Negative dc breakdown characteristics (T_gap = 500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 33 
length (mm) 17 
    
Pressure (mb) 983 
breadth (mm) 17 
    
Humidity (%) 46 
        
 
Breakdown Voltage (kV)  





d (Gap size) 
in mm 1 2 3 4 5 (kV) (˚C) 
10 17.00 18.00 17.00 16.00 16.00 16.80 50.00 
20 24.00 23.00 24.00 24.00 24.00 23.80 52.00 
30 29.00 30.00 31.00 30.00 30.00 30.00 53.00 
40 35.00 36.00 35.00 36.00 36.00 35.60 51.00 
50 41.00 41.00 42.00 41.00 42.00 41.40 48.00 
60 46.00 45.00 46.00 46.00 46.00 45.80 48.00 
70 49.00 49.00 51.00 51.00 50.00 50.00 48.00 
80 56.00 55.00 55.00 56.00 56.00 55.60 49.00 
90 59.00 59.00 60.00 60.00 59.00 59.40 51.00 
100 64.00 64.00 65.00 64.00 64.00 64.20 51.00 
110 68.00 69.00 69.00 68.00 68.00 68.40 53.00 
120 72.00 72.00 72.00 73.00 72.00 72.20 51.00 
130 75.00 76.00 75.00 75.00 75.00 75.20 51.00 
140 78.00 79.00 79.00 79.00 78.00 78.60 51.00 
150 83.00 83.00 82.00 84.00 83.00 83.00 53.00 
Average Temperature of air-gap  (˚C) 50.67 
 
 
Table I2. Negative dc breakdown characteristics (T_gap = 750C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 33 
length (mm) 17 
    
Pressure (mb) 983 
breadth (mm) 17 
    
Humidity (%) 46 
        
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 16.00 17.00 16.00 16.00 16.00 16.20 76.00 
20 23.00 24.00 23.00 23.00 23.00 23.20 76.00 
30 27.00 26.00 27.00 26.00 27.00 26.60 76.00 
40 34.00 35.00 34.00 34.00 34.00 34.20 75.00 
50 38.00 37.00 38.00 38.00 38.00 37.80 77.00 
60 42.00 41.00 41.00 41.00 41.00 41.20 78.00 
70 45.00 45.00 46.00 45.00 45.00 45.20 78.00 
80 49.00 50.00 49.00 50.00 50.00 49.60 75.00 
90 54.00 55.00 55.00 55.00 55.00 54.80 73.00 
100 58.00 58.00 58.00 59.00 58.00 58.20 73.00 
110 61.00 61.00 61.00 62.00 61.00 61.20 75.00 
120 65.00 64.00 65.00 65.00 65.00 64.80 73.00 
130 70.00 69.00 70.00 70.00 70.00 69.80 77.00 
140 74.00 73.00 73.00 73.00 73.00 73.00 75.00 
150 75.00 74.00 75.00 75.00 76.00 76.00 75.00 
Average Temperature of air-gap  (˚C) 75.47 
 




Table I.3. Negative dc breakdown characteristics (T_gap = 1000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 33 
length (mm) 17 
    
Pressure (mb) 983 
breadth (mm) 17 
    
Humidity (%) 46 
        
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 16.00 15.00 16.00 15.00 15.00 15.40 101.00 
20 22.00 21.00 22.00 22.00 22.00 21.80 102.00 
30 24.00 25.00 25.00 24.00 25.00 24.60 102.00 
40 29.00 29.00 29.00 29.00 30.00 29.20 100.00 
50 31.00 32.00 31.00 31.00 32.00 31.40 101.00 
60 33.00 34.00 34.00 34.00 34.00 33.80 99.00 
70 37.00 37.00 36.00 36.00 37.00 36.60 101.00 
80 42.00 41.00 40.00 41.00 40.00 40.80 102.00 
90 44.00 45.00 43.00 44.00 44.00 44.00 98.00 
100 47.00 48.00 47.00 47.00 47.00 47.20 99.00 
110 49.00 50.00 49.00 49.00 50.00 49.40 101.00 
120 52.00 52.00 53.00 52.00 52.00 52.20 98.00 
130 56.00 57.00 56.00 56.00 56.00 56.20 99.00 
140 60.00 61.00 60.00 60.00 61.00 73.00 98.00 
150 66.00 67.00 66.00 66.00 66.00 76.00 100.00 
Average Temperature of air-gap  (˚C) 100.07 
 
 
Table I.4. Negative dc breakdown characteristics (T_gap = 1250C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 31 
length (mm) 17 
    
Pressure (mb) 984 
breadth (mm) 17 
    
Humidity (%) 51 
        
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 15.00 16.00 15.00 15.00 15.00 15.20 125.00 
20 19.00 19.00 20.00 20.00 20.00 19.60 126.00 
30 24.00 24.00 25.00 25.00 25.00 24.60 126.00 
40 31.00 30.00 30.00 31.00 30.00 30.40 125.00 
50 33.00 34.00 34.00 35.00 35.00 34.20 128.00 
60 37.00 36.00 37.00 37.00 37.00 36.80 127.00 
70 39.00 40.00 39.00 39.00 40.00 39.40 127.00 
80 42.00 43.00 43.00 42.00 43.00 42.60 125.00 
90 46.00 46.00 46.00 45.00 46.00 45.80 125.00 
100 48.00 48.00 47.00 48.00 47.00 47.60 124.00 
110 51.00 51.00 50.00 51.00 51.00 50.80 124.00 
120 54.00 53.00 55.00 53.00 54.00 59.00 123.00 
130 58.00 59.00 58.00 58.00 59.00 63.00 125.00 
140 60.00 60.00 61.00 61.00 60.00 60.40 125.00 
150 63.00 62.00 63.00 63.00 63.00 62.80 126.00 
Average Temperature of air-gap  (˚C) 125.40 
 
 




Table I.5. Negative dc breakdown characteristics (T_gap = 1500C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 28 
length (mm) 17 
    
Pressure (mb) 994 
breadth (mm) 17 
    
Humidity (%) 70 
        
 
Breakdown Voltage (kV)  





d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 11.00 12.00 11.00 11.00 11.00 11.20 151.00 
20 16.00 17.00 17.00 17.00 17.00 16.80 148.00 
30 20.00 21.00 21.00 20.00 21.00 20.60 148.00 
40 26.00 27.00 26.00 26.00 26.00 26.20 149.00 
50 27.00 28.00 29.00 29.00 29.00 28.40 151.00 
60 31.00 31.00 30.00 31.00 31.00 30.80 151.00 
70 34.00 34.00 35.00 35.00 35.00 34.60 152.00 
80 38.00 39.00 39.00 38.00 38.00 38.40 152.00 
90 43.00 44.00 43.00 42.00 43.00 43.00 153.00 
100 45.00 46.00 45.00 45.00 45.00 45.20 151.00 
110 49.00 47.00 48.00 49.00 48.00 48.20 149.00 
120 53.00 53.00 53.00 52.00 53.00 52.80 150.00 
130 56.00 55.00 57.00 56.00 57.00 56.20 149.00 
140 58.00 59.00 60.00 60.00 59.00 59.20 148.00 
150 64.00 63.00 64.00 64.00 64.00 63.80 151.00 
Average Temperature of air-gap  (˚C) 150.20 
 
 
Table I.6. Negative dc breakdown characteristics (T_gap = 2000C) 
 
 
Rod Geometry: Rod - Rod  
   
Temperature (˚C) 28 
length (mm) 17 
    
Pressure (mb) 994 
breadth (mm) 17 
    
Humidity (%) 70 
        
 
Breakdown Voltage (kV)  
Sample Reading Number Average B/down 
Air-gap 
Temp 
d (Gap size)  
in mm 1 2 3 4 5 (kV) (˚C) 
10 10.00 11.00 11.00 10.00 11.00 10.60 200.00 
20 16.00 17.00 16.00 17.00 17.00 16.60 202.00 
30 21.00 20.00 20.00 21.00 20.00 20.40 203.00 
40 23.00 24.00 23.00 23.00 23.00 23.20 202.00 
50 27.00 27.00 26.00 26.00 27.00 26.60 201.00 
60 29.00 31.00 30.00 30.00 30.00 30.00 201.00 
70 34.00 34.00 35.00 34.00 34.00 34.20 200.00 
80 36.00 36.00 37.00 37.00 36.00 36.40 201.00 
90 39.00 40.00 40.00 39.00 39.00 39.40 202.00 
100 43.00 43.00 43.00 44.00 43.00 43.20 198.00 
110 46.00 46.00 47.00 46.00 46.00 46.20 198.00 
120 49.00 49.00 49.00 49.00 49.00 49.00 199.00 
130 54.00 54.00 53.00 53.00 53.00 53.40 202.00 
140 57.00 56.00 56.00 57.00 56.00 56.40 199.00 
150 59.00 59.00 60.00 60.00 59.00 59.40 198.00 









Positive & Negative dc Breakdown characteristics Using Derived Model 
 





Table J.1. Dc breakdown characteristics of a 200mm airgap using derived model 
 
200mm 
temp_C density Vt_pos Vt_neg Us_pos Us_neg EPRI_pos EPRI_neg 
20 1 131.9 135.4 119.5 127.7 130.0 120.0 
50 0.907 120.6 124.0 108.4 115.9 117.9 108.8 
100 0.786 105.7 109.2 93.9 100.3 102.1 94.2 
150 0.693 94.4 97.9 82.8 88.5 90.0 83.1 
200 0.619 85.5 88.9 74.0 79.1 80.5 74.3 
250 0.560 78.3 81.7 66.9 71.6 72.8 67.2 
300 0.511 72.4 75.7 61.1 65.3 66.5 61.4 
 
 
Table J.2. Dc breakdown characteristics of a 300mm airgap using derived model 
 
300mm 
temp_C density Vt_pos Vt_neg Us_pos Us_neg EPRI_pos EPRI_neg 
20 1 192.8 196.4 176.2 183.2 185.0 180.0 
50 0.907 175.8 179.4 159.8 166.2 167.8 163.3 
100 0.786 153.6 157.1 138.4 143.9 145.3 141.4 
150 0.693 136.6 140.1 122.0 126.9 128.1 124.7 
200 0.619 123.2 126.7 109.1 113.5 114.6 111.5 
250 0.560 112.4 115.9 98.7 102.6 103.6 100.8 
300 0.511 103.5 106.9 90.1 93.7 94.6 92.0 





Table J.3. Dc breakdown characteristics of a 400mm airgap using derived model 
 
400mm 
temp_C density Vt_pos Vt_neg Us_pos Us_neg EPRI_pos EPRI_neg 
20 1 253.7 257.4 233.9 241.8 260.0 240.0 
50 0.907 231.0 234.7 212.1 219.3 235.8 217.7 
100 0.786 201.4 205.0 183.7 189.9 204.2 188.5 
150 0.693 178.8 182.4 162.0 167.5 180.1 166.2 
200 0.619 161.0 164.5 144.9 149.8 161.0 148.6 
250 0.560 146.5 150.1 131.0 135.5 145.6 134.4 
300 0.511 134.6 138.1 119.6 123.6 132.9 122.7 
 
 
Table J.4. Dc breakdown characteristics of a 450mm airgap using derived model 
 
450mm 
temp_C density Vt_pos Vt_neg Us_pos Us_neg EPRI_pos EPRI_neg 
20 1 284.1 287.9 261.0 268.9 280.0 270.0 
50 0.907 258.7 262.4 236.8 244.0 254.0 244.9 
100 0.786 225.3 229.0 205.0 211.3 219.9 212.1 
150 0.693 199.9 203.5 180.8 186.3 193.9 187.0 
200 0.619 179.8 183.4 161.7 166.6 173.4 167.2 
250 0.560 163.6 167.1 146.2 150.7 156.8 151.2 
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